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Abstract  

Currently, the existence of long-lived sub-micron bubbles in solution is not widely accepted as 

they should dissolve on a timescale of 1-100 microseconds, calculated through the use of a 

widely accepted theory of bubble dissolution. Despite this, bulk nanobubbles are reported to 

have applications in different fields, such as water treatment and remediation, seed germination, 

surface cleaning, froth flotation, and ultrasound imaging. It is therefore important to develop 

methods to test if nanoparticle dispersions contain nanobubbles.  

Here, two methods are developed that are able to distinguish long-lived nanobubbles from 

nanoparticles. Firstly, the mean particle density of nanoparticles in a dispersion is determined. 

Secondly, the influence of external pressure on the size of nanoparticle dispersions is measured. 

As the density and compressibility of a gas are very different to the density and compressibility 

of liquids and solids, these methods can differentiate between nanobubbles and other 

nanoparticles. 

The first part of my thesis focuses on nanobubbles that are armoured with a coating of insoluble 

surfactants. A novel technique for particle characterization that has the ability to distinguish 

positively buoyant particles (less dense than the solvent) from negatively buoyant particles 

(more dense than the solvent) was adapted to assess the density of nanoparticles. It revealed a 

significant population of lipid-coated gas nanobubbles in a commercial ultrasound contrast 

agent. These nanobubbles are proven to be gas entities by their response to application of 

pressure. These armoured nanobubbles have a complex response to the application of pressure 

due to the robust shell formed by the insoluble surfactants. The temperature at which the gas 

filled  nanobubbles condenses to liquid filled nanodroplets is shifted to lower temperature, 

corresponding to a condensation at higher  pressure due to the mechanical resistance of the lipid 
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shell, which shields the bubble contents from some of the external pressure up to ~ 0.8 atm. 

The presence of lipids of low solubility at the nanobubble-solution interface effectively results 

in a negative Laplace pressure, which stabilizes these nanobubbles against dissolution. 

Having developed protocols that can be used to demonstrate the existence of bulk nanobubbles, 

these methods were then applied to different systems reported to contain nanobubbles. These 

include nanoparticles produced by mechanical means, the mixing of ethanol and water and 

nitrogen supersaturation by chemical reaction. It was confirmed that nanoparticles were 

produced in these systems. However, the measured density of these nanoparticles was 

inconsistent with the nanoparticles being gas filled. Furthermore, the external pressure had only 

a minimal effect on the size of these nanoparticles. These experiments reveal that processes that 

lead to bubble formation can produce nanoparticles that result from the accumulation of 

material at the interface of the dissolving bubbles. 

The results of this study demonstrate that the candidate nanoparticles investigated here are not 

nanobubbles unless they are coated with insoluble materials and casts doubt on many reports 

of long-lived nanobubbles in bulk. Many researchers have reported the production of stable 

long-lived nanobubbles in bulk without providing direct evidence that the nanoparticles being 

measured are indeed nanobubbles. It is recommended that the methods developed here be used 

as tests to determine if candidate nanoparticles are nanobubbles. 
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Chapter 1 Introduction 

Most of the material in this chapter is reproduced with major changes from:  

M. Alheshibri, J. Qian, M. Jehannin, V.S.J. Craig, A History of Nanobubbles, Langmuir. 32 

(2016) 11086–11100. doi:10.1021/acs.langmuir.6b02489. 

1.1 Introduction to Bulk Nanobubbles 

Bulk Nanobubbles are gas-filled bubbles with dimensions in the submicron range that are 

moving freely in solution. They are of particular interest, as they are expected to dissolve over 

a timescale of 1–100 µs , as dictated by the classical theory of bubble dissolution1,2. Despite 

this, they are being applied in different fields, such as ultrasound imaging3–8, therapeutic drug 

delivery 6,9–11, water remediation12–17, froth flotation18–29, plant growth and seed germination30–

37, surface cleaning38, and in fuels39,40. The formulations used in ultrasound contrast agents and 

therapeutic drug delivery typically employ a gas of very low solubility (e.g., fluorocarbon) and 

include a range of lipids and other surface-active materials to stabilize the bubbles. Thus, the 

nanobubbles are ‘armoured’ with a substantial coating of poorly soluble material. Later in this 

thesis we investigate how this armour contributes to their stability. On the contrary, unarmoured 

long-lived bulk nanobubbles formed in the absence of added surface-active materials, have been 
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the subject of multiple reports, which have been motivated by a number of potential 

applications. For some applications, lifetimes of seconds or minutes will suffice, whilst in some 

possible applications it is necessary that the nanobubbles survive for hours or days. However, 

even a few seconds is far longer than their expected lifetime.  

The field of bulk nanobubbles has also attracted growing interest from industry. This is reflected 

in the established ISO standard (ISO/TC281) for fine bubble technologies, which has 9 

participating countries and 12 observing members working on the standardization of 

technologies in industries related to bubbles with typical diameters of less than 100 µm. This 

includes ultrafine bubbles of diameter less than 1 µm.  

The apparent mismatch between the lifetime of unarmoured nanobubbles and their practical 

and commercial applications has led to scepticism among researchers41,42, who question their 

existence. This scepticism also originated from the indirect and inconclusive methods reported 

in the literature to demonstrate their existence43–51. A reliable test that characterizes the 

constitution of bulk nanobubbles would address the ambiguity in this field and develop a deeper 

understanding of their formation and stability. This challenge is addressed in this thesis. 

If long-lived unarmoured nanobubbles are proven to exist, they are expected to facilitate a 

fundamental study in colloid science, namely, determination of the electrical potential at the 

gas–solution interface.  The potential at the surface of a particle is often determined from a 

measure of the mobility of the particle in an electric field, which yields the potential at the slip 

plane52. This is known as the zeta potential. However, the buoyancy of larger bubbles causes 

significant experimental problems in the measurement of zeta potentials. These could be 

overcome by using nanobubbles, as the rise velocity of nanobubbles due to buoyancy is very 

much smaller.  Moreover, commercial light scattering instruments now offer the ability to 

measure the zeta potential as well as the size of nanoparticles, potentially making measurements 

of the zeta potential on nanobubbles routine. The zeta potential is assumed to be a good relative 
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measure of the actual surface potential. The ability to easily measure zeta potentials in a wide 

range of solution conditions will facilitate understanding of how the presence of charge at the 

air–water interface affects the coalescence of bubbles and how they interact with solid particles 

or oil droplets. This is important for establishing an essential baseline for practical applications 

in various fields, such as food processing, purification processes, and foam fractionation53–56. 

Further, there has been intense disagreement57–61 as to whether the water–air interface at a 

normal pH has a negative surface charge due to the presence of hydroxide ions57,58 or a positive 

surface charge due to the presence of hydronium ions59,60. This is a complex problem that has 

not been resolved yet. The reported long lifetime of nanobubbles (i.e. days)47,49,62 if it is verified, 

will enable the evaluation of surface charge as a function of pH in a range of electrolytes to be 

investigated. This will reveal details of the charging mechanism and enable a deeper 

understanding of this phenomena.  

1.2 Terminology  

In this thesis, the term nanoparticles is used to refer to any nanosized object in solution, 

regardless of whether it consists of solid, liquid, or gas. The terms nanobubbles, nanodroplets, 

and solid nanoparticles are used to refer to nanoparticles consisting specifically of gas, liquid, 

and solid, respectively. The term armoured nanobubbles is used to refer to bubbles of diameter 

less than 1000 nm that have a coating of surface active molecules that have been purposely 

added to the solution.  
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1.3 The Fundamentals of Nanobubbles  

1.3.1 Introduction 

Creating a bubble is an enjoyable activity that we have all experienced during our childhood. 

A clear example is blowing air into a liquid using a straw. Here, energy or work input (i.e. 

pressure) is required to overcome the effect of surface tension and create a bubble. Surface 

tension is the energy cost of creating new interface per unit area. This energy cost is related to 

the intermolecular forces that hold liquids together63,64. This results in a higher surface tension 

for liquids with strong intermolecular forces and a lower surface tension for liquids with weak 

intermolecular forces. The higher the surface tension, the higher the work input (i.e. pressure) 

required to form a bubble. The overall surface energy of the bubble can be lowered by 

minimizing the surface area, thus small bubbles form spheres, as a sphere is the shape that has 

the smallest surface area for a given volume of gas.  

When bubbles form in a glass of water, an observer would remark that they are unstable. If the 

bubble rises to the surface and bursts, then the interfacial area is reduced by the surface area of 

the bubble. Similarly, when two bubbles coalesce, the overall interfacial area is reduced, and 

the energy of the system is reduced. Further, squeezing the gas inside the bubble leads to a 

decrease in size, and a reduction in the surface area is obtained. However, as a bubble gets 

smaller, the pressure inside the bubble increases. The increase in pressure within a bubble with 

respect to the immediate surroundings is described by the Young–Laplace equation for a sphere: 

 Δ𝑃𝑃 =
2𝛾𝛾
𝑟𝑟

 (1.1) 

where, γ is the interfacial tension for the bubble interface and r is the radius of the bubble. A 

simple derivation of this equation is given in Appendix, §A.1.   
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The Laplace pressure shown in equation 1.1 is inversely proportional to the size of the bubble, 

and therefore the smaller the bubble, the higher the pressure. Extremely high pressures are 

reached at nanoscale sizes. For example, the corresponding internal pressure for nanobubbles 

in pure water with r = 100 nm is ~1.5 MPa. 

The pressure inside the bubble increases the solubility of gas, as stated by Henry’s law, wherein 

the equilibrium concentration, C, of a gas in liquid is proportional to pressure (equation 1.2): 

 𝐶𝐶 = 𝐾𝐾𝐻𝐻𝑃𝑃 (1.2) 

where KH is Henry’s law constant.  If the amount of dissolved gas is equal to the equilibrium 

level of dissolved gas at temperature T and pressure P, a 100% saturation or “saturation” is 

obtained. “undersaturation” is obtained when the level of dissolved gas is below 100% and 

“oversaturation” is when it is above 100%.  

The increase in solubility results in diffusion of gas molecules from the bubble to the 

surrounding media, consequently reducing the bubble radius and further increasing the Laplace 

pressure. Therefore, the ongoing dissolution process amplifies the driving force for dissolution 

and leads to the disappearance of bubbles. However, a different scenario is expected when the 

solution is supersaturated with dissolved gas. If the concentration of gas within the solution is 

sufficiently high, the direction of gas diffusion will be reversed. In this case gas moves into the 

bubble causing it to grow.  This will reduce the Laplace pressure and thereby reduce the 

solubility of the gas in the solution surrounding the bubble. Gas will continue to diffuse into the 

bubble leading to an increase in the size of the bubble, which further lowers the Laplace pressure 

and solubility of the gas in the solution surrounding the bubble. As a result, the bubble will 

grow rapidly and rise to the surface due to the increase in buoyancy and then burst and 

disappear. 
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The diffusion of gas into or out of a bubble in solution is driven by the difference in chemical 

potential between the gas molecules inside and outside the bubble. The chemical potential 

inside the bubble is denoted by µBubble, while the chemical potentials outside the bubble are the 

chemical potential above the solution µatm and in the solution µsol (see Figure 1-1). µsol is set by 

the saturation level (eq 1.3), and µatm is dependent on the external pressure (eq 1.4), while µBubble 

is dependent on the total pressure (the sum of the Laplace pressure and the external pressure) 

(eq 1.5). 

 µ𝑠𝑠𝑠𝑠𝑠𝑠 = µ𝑠𝑠𝑠𝑠𝑠𝑠∗ + 𝑅𝑅𝑅𝑅 In (
𝐶𝐶

1𝑀𝑀
) (1.3) 

 µ𝑎𝑎𝑎𝑎𝑎𝑎 = µ0∗ + 𝑅𝑅𝑅𝑅 In �
𝑃𝑃𝑒𝑒𝑒𝑒𝑎𝑎

1 𝑎𝑎𝑎𝑎𝑎𝑎
� (1.4) 

 µ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑒𝑒 = µ0∗ + 𝑅𝑅𝑅𝑅 In (
𝑃𝑃𝑒𝑒𝑒𝑒𝑎𝑎 + Δ𝑃𝑃

1 𝑎𝑎𝑎𝑎𝑎𝑎
) (1.5) 

Where µ𝑠𝑠𝑠𝑠𝑠𝑠∗  and µ0∗  are the standard chemical potentials, R is the ideal gas constant, T is the 

temperature, Pext is the external pressure and ∆P is the Laplace pressure and C is the 

concentration of dissolved gas. 

 

Figure 1-1. Schematic diagram of chemical potentials of the gas inside and outside a bubble 

in solution.  

At 100% saturation, the chemical potential of the dissolved gas in the bulk solution and in the 

gas above the solution are equivalent. Therefore 
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 µ𝑎𝑎𝑎𝑎𝑎𝑎 = µ𝑠𝑠𝑠𝑠𝑠𝑠 (1.6) 

Whenever there is a Laplace pressure acting on the bubble, the pressure inside the bubble is 

greater than the pressure in the surrounding solution and the chemical potential of the gas 

molecules inside the bubble will be higher than in the gas above the solution. Thus 

 µ𝐵𝐵𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑒𝑒 ≠ µ𝑎𝑎𝑎𝑎𝑎𝑎 (1.7) 

unless the Laplace pressure is zero. 

So µBubble can be in equilibrium with µsol only if the solution is supersaturated with respect to 

the external pressure. Thus, the chemical potential for the gas inside the bubble can be at 

equilibrium with the surrounding solution only if the chemical potential of the dissolved gas in 

the bulk solution is not at equilibrium with the chemical potential in atmosphere; That is, it is 

not possible to have overall equilibrium unless the Laplace pressure is zero.  

Regardless, let’s consider a single bubble that is in local equilibrium with the dissolved gas in 

solution, where 

 µ𝐵𝐵𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑒𝑒 = µ𝑠𝑠𝑠𝑠𝑠𝑠 (1.8) 

The local equilibrium in equation 1.8 requires a critical level of gas supersaturation with respect 

to the external pressure. The supersaturation level required for bubble stability (calculated using 

equation 1.1 and equation 1.2) with respect to bubble size is shown in Figure 1-2. However, 

even if local equilibrium is initially established between a bubble and the solution, a very small 

deviation will disrupt the equilibrium and cause the bubble to either grow and be removed from 

the solution through buoyancy or shrink from existence. Thus, this implies that nanobubbles 

cannot be stable whenever the Laplace pressure is finite. 
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Figure 1-2. Phase diagram of bubble stability based on the Laplace pressure and Henry’s 

Law. Bubbles are expected to shrink if the saturation level is lower than the supersaturation 

level required for stability or grow if the saturation level is higher. Bubbles on the line are 

stable, but any fluctuation will disrupt this stability. 

1.3.2 Bubble Growth and Dissolution 

1.3.2.1 Theory of Bubble Growth and Dissolution 

A landmark theory regarding the growth and dissolution of bubbles was proposed in 1950 by 

Epstein and Plesset1. They calculated the diffusion process of gas to and from a bubble. To do 

so, a number of simplifications were made: 

• A single solitary bubble with initial radius (r0) was assumed to be stationary (not rising 

due to buoyancy or translating with Brownian motion). 

• At initial time t = 0, the bubble had already established a steady state with the 

surrounding solution. 
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• The motion of the bubble boundary as it grows, or shrinks was ignored. This 

approximation is valid, as the gas concentration within the bubble is much greater than 

in the surrounding liquid, and the region surrounding the bubble through which the 

diffusion takes place is much larger than the bubble itself. 

The lifetime of a bubble with a radius r was calculated using the diffusion equation for the 

dissolved gas concentration, C, at a point in the solution a large distance, x, from the bubble:  

𝜕𝜕𝐶𝐶
𝜕𝜕𝑎𝑎

= 𝐷𝐷∆𝐶𝐶 (1.9) 

where D is the diffusion coefficient of the gas at the liquid interface.  

To solve for the diffusion, the boundary conditions set for this equation were: 

𝐶𝐶(𝑥𝑥, 0) = 𝐶𝐶𝑖𝑖 For  𝑥𝑥 > 𝑟𝑟 

lim
𝑒𝑒→∞

𝐶𝐶(𝑥𝑥, 𝑎𝑎) =𝐶𝐶𝑖𝑖 For 𝑎𝑎 > 0 

𝐶𝐶(𝑟𝑟, 𝑎𝑎) = 𝐶𝐶𝑠𝑠 For 𝑎𝑎 > 0 

These Boundary conditions are: 

At time t = 0, the concentration of the gas dissolved in the solution is uniform and equal to Ci, 

and it remains constant at large distances, x, from the bubble at time t > 0.  

The concentration of dissolved gas immediately adjacent to the bubble (Cs) is saturated with 

respect to the bubble (the pressure being higher in the bubble than in the surrounding solution). 

Here Ci is the level of the gas in the solution, and Cs is implicitly determined by applying 

Henry’s law (equation 1.2) using the pressure within the bubble.  

For a bubble submerged in a solution at a given external pressure and temperature, Epstein and 

Plesset1 described the change of radius (r) as a function of time (t) using the general differential 

equation: 
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𝑑𝑑𝑟𝑟
𝑑𝑑𝑎𝑎

= 𝛼𝛼 �
1
𝑟𝑟

+
1

(𝜋𝜋𝐷𝐷𝑎𝑎)
1
2
� (1.10) 

 

The coefficient α =  D ( 𝐶𝐶𝑖𝑖−𝐶𝐶𝑠𝑠)
𝜌𝜌

=  𝐷𝐷𝑀𝑀(𝑓𝑓 − 1) , where ρ is the gas density in the bubble. The 

ratio of the dissolved gas over the saturation concentration is f, and M = Cs/ρ. 

Here a bubble is expected to shrink when the chemical potential of the gas inside the bubble is 

greater than the chemical potential of the dissolved gas in the bulk phase and grow when the 

level of supersaturation is sufficient to raise the chemical potential of the dissolved gas above 

that in the bubble. 

By integrating equation 1.10, the change of size in the shrinking or growing process can be 

calculated, and the final expression is given in equation1 1.11: 

𝑟𝑟(𝑎𝑎) ≈ �𝑟𝑟02 + 2𝛼𝛼 𝑎𝑎 (1.11) 

 

Equation 1.11 represents an approximate solution suitable for larger bubbles, as the increase in 

the Laplace pressure while the bubble is decreasing was not considered in this equation.  

The change in size for a bubble with an initial radius of 100 nm, 500 nm, and 1000 nm were 

calculated using Equation1 1.11 (see Figure 1-3). Here the calculation was done in small time 

steps and the Laplace pressure and Cs was recalculated at each step to account for the effect of 

the shrinking radius, allowing for accurate calculations for small bubbles. As shown, the theory 

predicts that small bubbles will rapidly shrink and disappear in saturated solutions. For 

example, the lifetime of a bubble of initial radius of 1000 nm is predicted by the Epstein and 

Plesset theory to be less than 0.02 s. Such bubbles would in most cases dissolve and disappear 

before they can be detected or measured. 
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Figure 1-3 Calculated nanobubble radius versus time using the Epstein and Plesset theory1 

for a nitrogen filled nanobubble of initial radius 1000 nm (blue), 500 nm (red), and 100 nm 

(black) in a solution that is saturated with dissolved nitrogen gas. For this calculation, 

equation 1.11 was implemented iteratively to take account of the increasing Laplace 

pressure with decreasing size. The parameters used in this calculation are T = 300 K, γ = 

0.072 Jm-2, D = 2.0 × 10-9 m2 s-1, Csat = 0.6379 moles m-3, and ρ1 atm = 40.6921 moles m-3. 
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1.3.2.2  The lifetime of bubbles 

In 1997, Ljunggren and Eriksson developed a theory to specifically calculate the Lifetime of 

bulk nanobubbles2. This work was reported in direct response to reports of the existence of 

surface nanobubbles65. Their calculation was in agreement with Epstein and Plesset’s theory, 

and they stated that “bubbles of colloidal size in water have a short lifetime”. Their expression 

for the lifetime for a bubble with initial radius r0 is given in equation 1.12: 

𝑎𝑎 =
𝐾𝐾𝐻𝐻𝑟𝑟02

3𝑅𝑅𝑅𝑅𝐷𝐷
 (1.12) 

 

where t is the lifetime of the bubble, KH is Henry’s law constant, R is the ideal gas constant, T 

is the temperature, and D is the diffusion constant.  

Figure 1-4 shows the expected lifetime for a gas bubble as a function of its initial radius2 using 

the Ljunggren and Eriksson model (equation 1.12). It is clearly demonstrated that such a 

nanoscale bubble will dissolve very quickly. The calculation in Figure 1-4 also considers the 

effect of the gas type on the lifetime of gas bubbles, where a gas with higher solubility (e.g., 

CO2) dissolves more rapidly than a gas with a lower solubility (e.g., O2, N2, or H2). 
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Figure 1-4: Expected lifetime for a bubble in water as a function of the initial radius and 

gas type using the Ljunggren and Eriksson model (equation 1.12)2,64. The parameters used 

in this calculation are KH (O2) = 7.7 ×104 J mole-1, KH (N2) = 15.6 ×104 J mole-1, KH (H2) = 

13 ×104 J mole-1, KH (CO2) = 0.3 ×104 J mole-1, D = 2.0 × 10-9 m2 s-1, and T = 298 K. 

The findings from Epstein and Plesset and Ljunggren and Eriksson have had a profound 

influence on nanobubble research, as it has led to reports of long-lived nanobubbles being 

treated with great caution and dubiosity1,2.  
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1.4 Nanobubbles Research  

Two types of nanobubbles are reported in the literature. The term bulk nanobubbles is used to 

describe gas filled bubbles in solution that have a diameter less than 1000 nm. Ultrafine bubbles 

is an equivalent term that is also used in the literature. The term surface nanobubbles is used to 

describe gaseous domains attached to surfaces. The height of surface nanobubbles is generally 

more than 10 nm and less than 100 nm. The radius of the contact line (three-phase line) is 

generally between 50 and 500 nm. The existence of stable surface nanobubbles has now been 

established66,67, although the origin of their stability is still debated68–74. However, the focus of 

this study is bulk nanobubbles and the relationship, if any, between surface and bulk 

nanobubbles has not be elucidated.  

1.4.1 Bulk Nanobubbles  

1.4.1.1  Early Reports of Bulk Nanobubbles  

Perhaps, the first report of bulk nanobubbles was in 1962 by Sette and Wanderlingh75. They 

demonstrated that high-energy neutrons present in cosmic rays or introduced artificially 

reduced the sound energy required to initiate cavitation of bulk water. They argued that oxygen 

recoil nuclei deposit energy that results in the formation of cavitation nuclei which are stabilized 

by contaminants. Further, they showed that by shielding water from neutrons, the cavitation 

threshold energy increased over a period of ~5 hours, indicating that the microcavities persisted 

for at least this long. Later, Hemmingsen76 studied cavitation in solutions that were 

supersaturated with gas and found that the supersaturation threshold for cavitation could be 

increased by prior application of extremely high pressures. This was attributed to the removal 

of cavitation nuclei in both the bulk and on surfaces by forcing the dissolution of the gas within 
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the cavities76. During the 1990s, Bunkin et al.77–79 reported the existence of stable microbubbles 

in dilute solutions of electrolytes. These microbubbles were thought to be stabilized by 

repulsive interactions between ions adsorbed to the interface and provide nuclei for optical 

cavitation. More details about this mechanism is given in §1.4.1.5.  

1.4.1.2  Production and Characterisation of Bulk Nanobubbles 

There are several publications on long-lived bulk nanobubbles that have been generated through 

several techniques. All of these methods rely on the inducement of supersaturation, which could 

nucleate nanobubbles. These techniques include ultrasonication, electrolysis, solvent exchange, 

temperature changes and mechanical means.  

1.4.1.2.1 Ultrasonication  

Kim et al. in 200043, reported the generation of bulk nanoparticles by sonication (42 kHz, 70W 

) in the presence of a palladium coated surface, directly in a cuvette placed in a dynamic light 

scattering (DLS) apparatus. In purified water they produced a bimodal distribution of 

nanoparticles with peaks around 80 nm and 350 nm. Particles created at pH 3 were slightly 

larger than particles created at pH 12. The particles were designated to be nanobubbles. The 

measured zeta potential for the nanoparticles was consistent with reports of the zeta potential 

measured on larger bubbles80. The nanoparticles were stable for at least 60 minutes. In this 

work, it was not demonstrated that the particles being measured were actually nanobubbles, 

therefore it is possible that surface cavitation due to ultrasound caused the formation of 

palladium nanoparticles81. However, when the zeta potential was compared to that of palladium 

nanoparticles82, it was found to be inconsistent with the particles being palladium. Later work 

by the same corresponding author, using a different ultrasound frequency (20 kHz) and 

generator but an otherwise similar method, found that the nanoparticle size increased with 

ultrasound power and time of application83. Particles of 700 nm and larger were produced in 
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this manner. Ultrasonication has also been used recently by Mo et al. 84 to study the generation 

of bulk nanobubbles84. They used nanoparticle tracking analysis to compare the concentration 

of nanoparticles in i) pure water, ii) water after 1 min ultrasonication and iii) degassed water 

after ultrasonication. They concluded that the nanoparticles generated by ultrasonication were 

gas-filled nanobubbles because the concentration of nanoparticles in the water after 

ultrasonication was higher than the concentration of the nanoparticles in the other two samples. 

The concentration of the produced nanoparticles was measured to be ~ 7×107 particles/ml, 

which corresponds to less than 5 particles/frame. However, a lower concentration of the 

particles upon degassing is not necessarily direct evidence of nanobubbles as volatile oil 

droplets respond to vacuum in a similar way to bubbles85.  

1.4.1.2.2 Electrolysis of Aqueous Electrolyte Solutions  

Electrolysis of water evolves gas and supersaturates the solution with hydrogen gas at the 

cathode and oxygen gas at the anode. Between 2001 and 2009, Kikuchi et al. studied the 

generation of nanobubbles by electrolysis46,47,86–88. In the cathodic solution, particles 10 - 600 

nm in diameter were detected by Dynamic Light Scattering (DLS) and shown to be stable for 

at least four hours87. In the anodic solution, particles 30 nm in diameter were produced by 

electrolysis and measured over three days, after which they had increased in size to 250 nm. 

After five days, particles were no longer detected47. According to the authors, the particles in 

the anodic and cathodic solutions were oxygen and hydrogen nanobubbles, respectively. This 

work also showed that oxygen contained within the nanoparticles was not detected when using 

a standard dissolved oxygen meter or the Winkler oxygen titration method. However, if the pH 

of the solution was reduced by the addition of acid, the Winkler method detected an increase in 

oxygen concentration, which was attributed to the oxygen liberated from the nanobubbles. In 

recent work, Postnikov et al. 89 used electrolysis to produce and control the size of the 

nanoparticles by regulating the applied voltage pulses, and claimed the nanoparticles produced 
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were nanobubbles. The lifetime for these nanoparticles was found to be 15 minutes, which was 

less than the lifetime for the nanoparticles reported by Kikuchi47,87. However, a lifetime of 15 

minutes is still much longer than the lifetime expected from the Epstein and Plesset theory1.  

1.4.1.2.3 Mechanical Generation  

Another common method that is reported to produce bulk nanobubbles is based on mechanical  

means48–51,90–93. These methods use pressure-cycling techniques where the solution is subject 

to an increase in pressure to increase the solubility of gas, followed by a reduction in pressure 

which is expected to result in the formation of bubbles. Many of these techniques also employ 

gas injection. An example is the study by Ushikubo and his group, who used oxygen gas to 

produce what they designated to be nanobubble solutions49. The average size of the 

nanoparticles produced was determined to be 137 nm, measured by dynamic light scattering 

(DLS). The generated nanoparticles were shown to be stable for days, and they attributed their 

stability to the electric charge at the interface, as the zeta potential was measured to be in the 

range of -45 mV to -34 mV. In a recent study, Wang et al. reported that N2, O2 and CO2 

nanobubbles could be produced and maintained stability for at least 24 hours90. In this study, 

they were able to adjust the size of the nanoparticles by adjusting the periodic pressure time 

interval during generation. They found that the size of the nanoparticles decreased with an 

increase in the pressure cycling time during generation and assigned these nanoparticles to be 

nanobubbles. In previous reports, aqueous solutions were used. However, the generation of bulk 

nanobubbles in organic solvents using mechanical generation has also been reported. Mase et 

al. 91 generated nanoparticles that they claimed to be nanobubbles using a commercial 

nanobubble generator in organic solvents such as dimethyl sulfoxide, isopropyl alcohol, 

dimethylformamide, ethanol, methanol, acetonitrile, butyl acetate and hexane. They used 

nanoparticle tracking analysis to characterise the nanoparticles and observed them in all the 
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solvents studied, except hexane. They claimed that nanobubbles could be generated 

mechanically in a range of organic solvents.  

1.4.1.2.4 Solvent Exchange 

Solvent exchange was first reported in 2000 as a convenient method for producing surface 

nanobubbles94. The process was as follows: the hydrophobic surface was initially immersed in 

a water-miscible solvent (e.g. ethanol), and then the ethanol was slowly displaced by water. 

Common atmospheric gases, such as nitrogen and oxygen, have lower solubility in the ethanol-

water mixture than prior to mixing. Hence during solvent exchange, supersaturation is occurred 

and gas precipitates onto the surface, leading to the formation of surface nanobubbles. An et al 

.95 showed that the saturation level could reach up to 311% upon mixing ethanol and water. 

This method has been commonly employed to produce surface nanobubbles. Several groups 

have used solvent mixing to generate bulk nanobubbles44,96–100. In a series of publications in 

2007, Jin et al. 44,96,97 examined aqueous solutions of tetrahydrofuran, ethanol, urea, sugars, 

surfactants and α-cyclodextrin using dynamic laser light scattering. These measurements, as 

well as those of other researchers, revealed a ‘slow mode’ which corresponds to structures ~ 

100 nm in diameter. It was found that the slow mode could not be removed by simple filtration 

through a 20 nm pore-sized filter, but it was gradually removed by numerous repeated 

filtrations, regardless of the type of solute present. Moreover, the slow mode was restored by 

the injection of particle-free air. They concluded that the slow mode was a signature of 

nanobubbles that were stabilized by surface active organic molecules. However, Habich et al.41 

and Sedlak et al.101 performed similar experiments using degassed solutions and found that the 

level of light scattering remained significant. They attributed the scattering to contaminants 

introduced with the organic solvents or from the vessels holding the solvents rather than to 

nanobubbles. In contrast to these reports, the nanoparticles generated upon mixing ethanol and 

water were recently assigned to be  nanobubbles98 or nanobubble-like clusters99,100. Qiu et al.98 
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generated nanoparticles using ethanol-water mixing. They investigated the effect of the ratio of 

ethanol to water on the size and concentration of nanoparticles produced as measured by 

nanoparticle tracking analysis. The maximum concentration of nanoparticles was obtained at 

8.3% v/v ethanol solution. Contrary to the works of Habich et al. 41, they concluded that these 

nanoparticles were gas-filled nanobubbles based on their observation of a reduction in the 

concentration of nanoparticles when mixing degassed solvents.  

1.4.1.2.5 Increasing the Temperature of Solution  

Najafi et al. 45 produced what was claimed to be nanobubbles in a closed cuvette for zeta 

potential measurement by increasing the temperature. This reduced the solubility of dissolved 

gases and precipitated nanobubbles, which had a mean size of 290 nm. The measured zeta 

potentials were consistent with those measured for larger bubbles. Before the temperature 

change, no scattering was detected. Note a temperature increase leads to an increase in solubility 

for most materials, particularly candidate contaminants such as hydrocarbons, further 

supporting their assertion that the nanoparticles were nanobubbles. 

1.4.1.3  Additional Methods used to Characterise Bulk Nanobubbles  

The above experiments utilized standard techniques for nanoparticle characterization, such as 

dynamic light scattering, nanoparticle tracking analysis and zeta potential measurements in 

characterizing nanoparticles. In the following studies, unique techniques have been either 

developed or implemented to investigate the presence of long-lived bulk nanobubbles. 

In 2010, Ohgaki et al. 48 employed gas injection of N2, CH4 and Ar in water to produce 

nanobubbles. They claimed extremely high nanobubble concentrations of ~ 1013 bubbles per 

ml that persisted for up to two weeks. Using a well-established technique for biological samples, 

the nanoparticles were preserved by rapid cryogenic freezing of a droplet, which was 

subsequently cleaved and coated to form a replica of the surface. The replica was imaged by 
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scanning electron microscopy, revealing a population of nanoparticles. The images are 

reproduced in Figure 1-5. 

 

Figure 1-5. Panel A: Scanning electron microscopy image of rapid cryogenic freezing 

fracture of a solution of nanoparticles that was assigned to be nitrogen nanobubbles with a 

diameter of ~ 100 nm. Panel B: A higher magnification image of a single nanoparticle. 

Images are reprinted from [K. Ohgaki, N.Q. Khanh, Y. Joden, A. Tsuji, T. Nakagawa, 

Physicochemical approach to nanobubble solutions, Chem. Eng. Sci. 65 (2010) 1296–1300. 

doi:10.1016/j.ces.2009.10.003.] Copyright (2019) with the permission of Elsevier. 

In a complementary study, Uchida et al. 50 produced nanoparticle solutions by gas injection of 

ultrapure oxygen. Rapid cryogenic freezing was then used to prepare replicas of the surface of 

a fractured water droplet, and the resulting replica was imaged by transmission electron 

microscopy. Nanoparticles ~ 100 nm in size were revealed (see Figure 1-6). In later work, they 

showed that nanoparticles produced in the same manner increased in size from ~ 400 nm to ~ 

750 nm over a period of a week when stored in a sealed bottle102. Cryo-EM has been employed 

to directly image bulk nanobubbles embedded in amorphous ice that was produced by a 

nitrogen-evolving chemical reaction103. A concern is that sample freezing leads to unavoidable 

perturbation of the sample. It is possible that the observed features are defects induced by the 
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freezing. Countering this is the extensive use of this technique in biological imaging and the 

general acceptance of the conclusion that rapid freezing does not generally produce artefacts of 

this nature. 

 

Figure 1-6. Replica transmission electron microscopy images showing spherical objects 

thought to be O2 filled nanobubbles with a diameter of ~ 500 nm (a) or 200 nm (b). Panel c 

shows a control replica sample of pure water. Images are reprinted from [T. Uchida, S. 

Oshita, M. Ohmori, T. Tsuno, K. Soejima, S. Shinozaki, Y. Take, K. Mitsuda, Transmission 

electron microscopic observations of nanobubbles and their capture of impurities in 

wastewater, Nanoscale Res. Lett. 6 (2011) 295. doi:10.1186/1556-276X-6-295] Copyright 

(2019) with the permission of Springer.  

Bunkin et al.104 used a modulation interference microscope to image nanobubbles in sodium 

chloride solutions. This technique can determine the refractive index of particles with respect 

to the surrounding medium. The results showed that a silica particle registered a higher 

refractive index than the surrounding medium, whilst a particle assigned to be a nanobubble 
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registered a significantly lower refractive index than the surrounding medium. Significantly, 

unlike most other studies of bulk nanobubbles, the solution was not supersaturated with 

dissolved gas. 

Kobayashi et al. were the first to utilize the resonant mass measurement technique in 

characterizing bulk nanobubbles51. An instrument called the Archimedes was used to detect the 

mass density relative to the solvent of individual nanoparticles as they passed one by one 

through a microresonator105. (The details of this method are reported in §2.3). Measurements 

on nanoparticles generated by pressure cycling revealed a population of nanoparticles with 

positively buoyant mass, indicating that they were less dense than the solvent. However, light 

oil droplets also have a density less than water, and therefore this alone is not sufficient evidence 

to demonstrate that they are gas filled bubbles.  

Oh et al.92 adapted a technique that was previously used on surface nanobubles66 to investigate 

the presence of bulk nanobubbles. The infrared spectra of what they attributed to be bulk 

nanobubbles exhibited a rotational fine structure that was consistent with CO2 molecules in 

their gaseous state, whereas their control, CO2-saturated water exhibited a single peak at 2343 

cm-1, indicating the presence of dissolved CO2. However, there was no direct evidence that the 

spectra were obtained from the nanobubbles in the bulk of the solution as opposed to surface 

nanobubbles or larger bubbles. Nirmalkar et al. recently used a freeze-thaw technique as a 

method for  differentiating nanobubbles from other nanoparticles62,106,107. In their study, they 

generated nanoparticles that were stable for up to a year, using ultrasound cavitation. They 

concluded that these were nanobubbles, as these nanoparticles disappeared after the freeze-thaw 

process. Furthermore, they showed that the addition of surfactant (i.e., SDS) to the 

nnaoparticles62 before the freezing process stabilized the nanoparticles, which prevented them 

from being damaged during the freeze-thaw process. However, the freezing process could have 

had an impact on the stability of particles, causing them to coalesce and settle if they were dense 
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nanoparticles or cream out of the solution if they were oil droplets.  Significantly they did not 

investigate the effect of the freeze-thaw treatment on a known nanoparticle sample. 

In contrast to the conclusions of all the above studies, Leroy et al.42 have examined solutions 

treated with a bubble generator for evidence of bulk nanobubbles using ultrasound and found 

no evidence of bulk nanobubbles. This technique is of interest, as it sensitive to the presence of 

gas. However, this technique as applied is not sensitive enough to detect the typical reported 

concentrations of nanobubbles (108/mL). 

1.4.1.4  Evidence of Bulk Nanobubbles 

The above experiments are correctly criticized for a lack of direct evidence that the 

nanoparticles being observed actually consist of gas. However, a number of experiments 

provide more direct evidence of long-lived gas filled bulk nanobubbles. Possibly the earliest 

direct evidence of bulk nanobubbles with diameters less than a micron was reported by Johnson 

and Cooke in 1981108. They reported that bubbles produced by shear in seawater were observed 

to be stable for long periods (>22 hours) due to the formation of surface films formed from 

naturally present surfactants. They demonstrated that such encased bubbles were gas-filled, as 

they expanded when put under tension (negative pressure) and contracted under an applied 

pressure (see panel 1 in Figure 1-7), and some could even be destroyed by application of 

positive pressure. As saltwater inhibits bubble coalescence109–111, the breaking of waves in 

seawater readily produces large numbers of small bubbles. This study indicated that these 

bubbles could shrink to form nanobubbles that were stable for up to 24 hours, indicating that 

the oceanic populations of nanobubbles were likely to be substantial108. Similarly, in freshwater 

with substantial levels of organic material, it would be expected that turbulence due to rapids 

or waterfalls might also produce significant populations of nanobubbles. In 1984, Yount et al. 

112 produced gas-filled bubbles in the size range of 200 to 1500 nm, using distilled water and 
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gelatine. Similar to the work of Johnson and Cooke108, they showed that the observed objects 

were gas-filled bubbles that expanded and contracted under the depressurizing and pressurizing 

process (see panel 2 in Figure 1-7). They pointed out the possibility of forming nanobubbles 

even in highly purified water.  
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Figure 1-7. Early measurements on the effect of external pressure on the size of small 

bubbles108,112.  Panel 1A shows the distribution of bubbles in seawater (shaded region) 

compared to those subjected to an additional pressure of ~ 0.8 atm (unshaded region). The 

substantial reduction in bubble size indicates that the surface contamination had reduced 

the surface tension, and therefore the Laplace pressure, to a low level. Panel 1B shows how 

an initial bubble distribution (shaded region) shifted to smaller sizes after a period of 22 

hours (unshaded region). Panel 2 shows images of bubbles with a size range of 200–1500 

nm under the application of negative pressure (i.e., 0.26 atm) (upper and lower images) and 

under atmospheric pressure (middle image). Images in panel 1 are reprinted from [B.D. 

Johnson, R.C. Cooke, Generation of stabilized microbubbles in seawater, Science 213 

(1981) 209–211. doi:10.1126/science.213.4504.209.] Copyright (2019) with the permission 

of The American Association for the Advancement of Science, and the images in panel 2 

are reproduced from [D.E. Yount, E.W. Gillary, D.C. Hoffman, A microscopic 

investigation of bubble formation nuclei, J. Acoust. Soc. Am. 76 (1984) 1511–1521. 

doi:10.1121/1.391434.] Copyright (2019) with the permission of The the Acoustical 

Society of America. 
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The strongest evidence for the existence of long-lived nanobubbles comes from their contrast 

in ultrasound imaging9,113,114. Here, bubbles are used to enhance the echo ultrasound signal to 

improve the contrast during ultrasound imaging. In 2004, Oeffinger and Wheatley employed 

surfactant stabilized nanobubbles as ultrasound contrast agents9. The initial population of 

surfactant stabilized bubbles was produced by the sonication of a perfluorocarbon gas. This 

produced a population of bubbles with a mean diameter of > 1 micron. This sample was then 

centrifuged to promote creaming of the larger bubbles. In doing so, the mean diameter of the 

dispersion was reduced to ~ 400 nm. The evidence that these objects are indeed nanobubbles is 

two-fold. Firstly, they were demonstrably less dense than water, as the larger particles creamed 

more effectively during centrifugation. Secondly, these nanoparticles provide an ultrasound 

enhancement compared to a control buffer without the nanoparticles. This is consistent with the 

particles being gas-filled nanobubbles as opposed to oil droplets. In recent work, Hernandez et 

al. produced smaller lipid-stabilized nanobubbles with a mean diameter of 290 nm115. Resonant 

mass measurement was employed in their measurement and showed that these bubbles were 

less dense than their solvent. The ultrasound contrast enhancement coming from these bubbles 

was significant, and it was higher than the signal of commercial microbubbles. Additionally, 

they showed that the number of these nanobubbles decreased significantly after exposing the 

nanobubbles to high-power ultrasound indicating destruction of the bubbles.  

It is notable that all the direct evidence of bulk nanobubbles above is associated with bubbles 

that were coated with insoluble material, which likely contributed to their stability68. In contrast, 

reports of uncoated bulk nanobubbles remain controversial, and there is no definitive proof of 

their existence 
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1.4.1.5  Explanations for the Stability of Unarmoured Bulk Nanobubbles 

Although the existence of unarmoured nanobubbles is not yet widely accepted, a number of 

explanations have been proposed to explain their stability. In some cases, the solution is highly 

supersaturated, and this will extend their lifetime. If the solution is saturated such that it is in 

equilibrium with the nanobubble, the predicted bubble lifetime is infinite. However, a very 

small deviation from the equilibrium condition dramatically influences the stability. Such that 

a deviation of only 0.0001% below the saturation level would see the nanobubble dissolve in 

two seconds (see Figure 1-8). Similarly a fluctuation in size of a nanobubble that is in the 

equilibrium condition would see the nanobubble rapidly shrink or grow and leave solution due 

to buoyancy. Thus, the stability of nanobubbles is never likely to be maintained for any 

significant time. 

 

Figure 1-8. Calculated nanobubble lifetime using the Epstein and Plesset theory1 for a 

nitrogen filled nanobubble of initial radius 1000 nm as a function of saturation level of N2 

gas in solution. For this calculation, equation 1.11 was implemented iteratively to take 

account of the increasing Laplace pressure with decreasing size. The lifetime for 

nanobubbles is expected to be infinite when the level of superaturation is in equilibrium 

with the nanobubble. However, a small fluctuation in the saturation level below that 
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required for equilbrium leads to rapid dissolution of the bubble. The parameters used in this 

calculation are T = 300 K, γ = 0.072 J m-2, D = 2.0 × 10-9 m2 s-1, Csat = 0.6379 moles m-3, 

and ρ1 atm = 40.6921 moles m-3. 

The effect of extremely high concentrations of nanobubbles has also been considered. Under 

these circumstances, the diffusion of gas out of a nanobubble is slowed by the effective increase 

in dissolved gas concentration due to the surrounding bubbles116. This is likely only to be 

significant at extremely high volume fractions. In the work of Johnson and Cooke108, the 

formation of a skin of contaminant molecules was clearly implicated in the stability of the 

bubbles they observed. However, in other nanobubble preparations, the level of contamination 

would be much lower, so this is unlikely to be a universal stabilizing mechanism. Bunkin78 

proposed that ions at the air-water interface repel each other, effectively reducing the surface 

tension. However, this implies that the air-water interface cannot charge regulate and that the 

concentration of ions at the interface would not be determined by the chemical potential set by 

the concentration in the bulk. Thus this proposed mechanism violates basic thermodynamics. 

Despite the obvious problems with this mechanism a recent work by Nirmalkar et al. 106 invoked 

the same mechanism.    

Yasui et al. 117 adapted the equilibrium model proposed by Brenner and Lohse69 to explain the 

stability of surface nanobubbles. In this case, solid particles adsorbed to the nanobubble surface 

are thought to provide a reservoir of gas, as the substrate does in the dynamic equilibrium 

model. This model has already been abandoned for surface nanobubbles, in part because it 

requires a constant input of energy, lest it violate the second law of thermodynamics. The 

adaptation here requires that a reasonable fraction of the nanobubble surfaces are covered in 

hydrophobic particles, which is not supported by the experimental evidence. Nor does this 

modification overcome the fundamental violation of thermodynamics in the dynamic 

equilibrium model. 
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1.4.1.6  Use and Potential Applications of Bulk Nanobubbles 

Despite the lack of direct evidence for the existence of bulk nanobubbles, the level of industry 

activity and interest in the field is rapidly increasing. This is reflected in the growing 

membership of the Fine Bubble Industries Association (FBIA) and the rising number of patents 

in the area. Below is a brief summary of the currently reported and potential applications of 

bulk nanobubbles. Many of these applications depend on the nanobubbles being present in 

solution for extended periods of time. 

The motion of nanobubbles in solution is influenced by the terminal rise velocity and Brownian 

velocity. The terminal rise velocity of a spherical bubble of a radius r due to buoyancy 𝑈𝑈𝑇𝑇, is 

dependent on the boundary condition, and for a no-slip boundary condition, is given by: 

𝑈𝑈𝑇𝑇 =
2𝑟𝑟2Δ𝜌𝜌𝜌𝜌

9𝜂𝜂
 (1.13) 

where Δρ is the difference in density between the bubble and the solution, g is the acceleration 

due to gravity, and η is the viscosity of the liquid. If a slip boundary condition is employed, 

then the terminal velocity is 1.5 UT, though studies show that a no-slip boundary condition is 

appropriate in nearly all cases, due to minute amounts of contamination118,119. The calculated 

no-slip terminal rise velocity for a nanobubble of radius 50 nm is 6.12 nm s-1 and for a 

nanobubble of radius 500 nm is 612 nm s-1. This indicated that the nanobubbles will take a long 

time to rise to the surface and burst.  

The second factor influencing the behaviour of nanobubbles is Brownian motion. The velocity 

of a Brownian particle v over a long time-scale t is given by:120  

𝑣𝑣 = �
𝑘𝑘𝐵𝐵𝑅𝑅

3𝜋𝜋𝜂𝜂𝑟𝑟𝑎𝑎
 (1.14) 
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where kB is the Boltzmann constant, T is the temperature, η is the viscosity, and r is the particle 

radius.  

For a nanobubble of a radius 50 nm and 500 nm, the Brownian velocities are 3131 nm s-1  and 

990 nm s-1, respectively. Comparison of these two values to the rise velocity shows that the 

Brownian motion dominates the behaviour of the nanobubbles and will act to mix them in 

solution and oppose the effect of buoyancy.  

A number of applications make use of this, particularly those that require the oxygenation of 

water, as smaller bubbles have longer residence times, and therefore have more time to deliver 

gas into solution and a larger surface area for a given volume. Moreover, smaller bubbles have 

higher Laplace pressures and consequently increase the solution saturation concentration of the 

gas surrounding a bubble. This could potentially have a significant effect if large numbers of 

nanobubbles were produced. The various applications for bulk nanobubbles are discussed in 

detail below. 

1.4.1.6.1 Biological and Medical Applications 

Bulk nanobubbles are increasingly finding biological and medical applications. Bubbles are 

effective ultrasound contrast agents, since their acoustic response is very different from that of 

tissues and fluids121. Nanobubbles used for ultrasound imaging have been used in several 

studies3–8,115, due to their ability to easily pass through the vasculature. For instance, Fan et 

al.122 compared the echogenic properties, both in vitro and in vivo, of lipid-coated nanobubbles 

with an average size of 435.2 ± 60.5 nm with a commercial standard (SonoVue® microbubble 

contrast agent), and found that a higher contrast was achieved using nanobubbles. A similar 

study performed by Yin et al. 8 showed that lipid coated (armoured) nanobubbles with a mean 

diameter of 436.8 ± 5.7 nm provided a greater contrast enhancement than microbubbles. The 

ultrasound images from this study are shown in Figure 1-9. Further, they showed that the 

enhancement obtained using nanobubbles lasted longer. Zhang et al.123 recently designed 
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‘multicoloured’ nanobubbles for disease diagnostic applications by encapsulating three types 

of fluorophores into the lipid-coating of nanobubbles for a combination of  fluorescence 

resonance energy transfer (FRET) and ultrasound imaging. Variations in the ratios of three dyes 

caused the nanobubbles to register multicolour images under single wavelength excitation, 

allowing the differentiation of the two tumours.. Further, they showed that two tumour regions 

exhibited comparable fluorescence signals when triple-dye-doped nanobubbles and dual-dye-

doped nanobubbles were injected. This was demonstrated in a tumour on the left hand side of 

a mouse following the injection of dual-dye-doped nanobubbles, which exhibited a stronger 

signal compared to a tumour on the right hand side following the injection of triple-dye-doped 

nanobubbles when the fluorescence signal was 670 nm. The weak and strong florescence 

signals coming from these two tumours were flipped when they performed the FRET 

fluorescence imaging using the same nanobubbles but with a fluorescence signal of 790 nm. 

They hypothesized that this technique could be further developed to distinguish different tissues 

in a complex clinical diagnosis. Another great area of interest for nanobubbles is their potential 

use in therapeutic drug delivery6,9–11. They can be fabricated for drug delivery purposes by 

incorporating lipids with head-groups that specifically bind the drug124,125, which can be 

released when the nanobubbles are irradiated with high levels of ultrasound energy. Candidate 

nanobubbles or related entities have also been implicated in an oxygenated medical saline for 

treating asthma and other autoimmune diseases with remarkable efficacy126–133.  
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Figure 1-9. Representative set of comparison tumour images before and after injecting 

nanobubbles (A), and microbubbles (B) into tumour-carrying mice at different times: 0.0, 0.5, 

1,5, 10.0 and 15.0 minutes. Images are republished from [T. Yin, P. Wang, R. Zheng, B. Zheng, 

D. Cheng, X. Zhang, X. Shuai, Nanobubbles for enhanced ultrasound imaging of tumors., Int. 

J. Nanomedicine. 7 (2012) 895–904. doi:10.2147/ijn.s28830] Copyright (2019) with the 

permission of Dove Medical Press Ltd. 

1.4.1.6.2 Plant Growth and Seed Germination 

Candidate nanobubbles are reported to have considerable impact on plant growth and seed 

germination30–37. Ebina et al. have claimed that water infused with oxygen nanobubbles, less 

than 200 nm in diameter, promotes the growth of plants, fish and mice34. Images comparing the 
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growth of plants exposed to oxygen nanobubbles with controls are shown in Figure 1-10. This 

effect was further investigated through the use of four types of gasses (i.e., air, nitrogen, oxygen 

and carbon dioxide) on seed germination and plant growth by Khaled et al.30. All types of 

nanobubbles except the air nanobubbles were reported to enhance plant growth, but only 

nitrogen nanobubbles showed a significant effect on the seed germination. It is odd that the air 

nanobubbles did not have an effect on the growth, whereas nitrogen and oxygen nanobubbles 

showed an effect. This casts doubt on this research. A recent two-year field experiment 

conducted by Zhou et al.35 showed that candidate microbubble/nanobubble dispersions had a 

positive impact on maize roots, although they demonstrated that the effect was also associated 

with the concentration of dissolved oxygen, where the optimum level was at 20 mg/L. 

Nanobubbles have also been reported to disrupt water transport, due to hydraulic failure in the 

xylem of trees32. 
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Figure 1-10: Comparison of the growth of plants cultured with normal water and candidate  

air-nanobubble dispersions. Images are republished from [K. Ebina, K. Shi, M. Hirao, J. 

Hashimoto, Y. Kawato, S. Kaneshiro, T. Morimoto, K. Koizumi, H. Yoshikawa, Oxygen 

and air nanobubble water solution promote the growth of plants, fishes, and mice., PLoS 

One. 8 (2013) e65339. doi:10.1371/journal.pone.0065339] Copyright (2019) with the 

permission of Plos One. 

1.4.1.6.3 Water Treatment  

The use of nanobubble dispersions for oxygenation is also being applied in the bioremediation 

of groundwater pollution15 and in water treatment12–17. Ushida et al.50 observed that 

nanobubbles collected impurities on their surfaces and hence they could be used to capture and 

remove these impurities. They argued that the effectiveness of this technique would depend on 

the concentration of nanobubbles. Xia et al.14 suggested the use of ozone nanobubbles as an 
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efficient method for remediation of wastewater contaminated with organic matter. They argued 

that the effectiveness of nanobubble water treatment was pH sensitive, with the highest 

efficiency for ozone nanobubbles being at pH 5. A recent study by Kyzas et al. 17 investigated 

the effects of nanobubbles on the adsorption of lead ions to activated carbon. They found that 

the main effect was not on the adsorption capacity, but on the adsorption rate, claiming an 

acceleration of the adsorption process by 366%.  

1.4.1.6.4 Froth Flotation 

The use of nanobubbles to separate hydrophobic solid particles in mineral flotation has been 

extensively investigated18–29 . It is worth noting here that flotation studies have been conducted 

using a combination of what has been reported as nanobubbles and larger bubbles; utilising 

nanobubbles by itself in flotation is inefficient because of their low buoyancy. The suggested 

mechanism is that nanobubbles adsorb onto the surface of hydrophobic particles, thus 

promoting their attachment to larger bubbles by acting as a bridge between the particles and the 

larger bubbles27. In a series of publications, Maoming et al. suggested that the presence of 

nanobubbles with larger bubbles can provide the optimum conditions for the flotation of 

hydrophobic particles20,21,24–29. In their studies, they used hydrodynamic cavitation to produce 

candidate nanobubble dispersions and conventional-sized bubbles, and examined their effect 

on the flotation of coarse phosphate and coal. They emphasised the potential use of nanobubble 

technology in froth flotation by demonstrating an increase of 10 % – 30 % and 8 % – 27 % in 

phosphate and coal recovery, respectively. A similar study by Calgaroto et al.134 also claimed 

that nanobubbles improved the recovery of quartz particles by 20 % – 30 %.   

Another possible application is in depletion flocculation135 for dewatering of minerals tailings. 

Depletion flocculation usually employs large quantities of high-molecular-weight non-

adsorbing polymers, which imparts an attraction between colloidal particles. If this could be 

carried out using nanobubbles, it would be both economically and environmentally 
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advantageous and would eliminate the need to remove the flocculant for downstream 

processing. 

1.4.1.6.5 Cleaning  

Bulk nanobubbles are being claimed for cleaning applications, as the dispersion of nanobubbles 

presents a significant surface area of high interfacial tension, which can attract contaminants 

due to favourable energetics and thereby prevent their deposition onto surfaces. Candidate 

nanobubbles have been reported to effectively clean membrane-fouled surfaces136. They have 

also been reported to be used in cleaning textiles137. Ushida et al. claimed that water containing 

what was assigned to be nanobubbles exhibited a higher washing rate for textiles soiled with 

hydrophobic organics by 5 % compared to control water not treated with nanobubbles137. The 

absence of added surfactants means that chemical residues are avoided and the cleaning process 

is more environmentally friendly.  

1.4.1.6.6 Hydrogen Fuels 

A high profile claim made by Oh et al.39,40 suggested that hydrogen nanobubbles can be 

introduced as an energy source for improving engine performance39,40. Oh et al. argued that 

gasoline fuels containing what was assigned to be hydrogen nanobubbles were more efficient 

than conventional gasoline fuel39. In another study40, they claim that the change in the chemical 

composition of gasoline in a “hydrogen nanobubbles gasoline sample” was measured using 

chromatography/mass spectrometry, could be the reason for the improvement in efficiency.  

1.4.1.7  Summary  

Reports that armoured nanobubbles are gas filled are supported by their response to ultrasound. 

In contrast, reports of uncoated bulk nanobubbles remain controversial, and there is still no 

definitive proof of their existence. Despite this, a significant number of reports claim to be 

applying bulk nanbubbles to a wide range of industrial and environmental problems. This has 
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led to a proliferation of claims many of which are unsupported. Therefore, it is important to 

systematically examine the existence of bulk nanobubbles. To this end, the development of an 

easily conducted test or tests that can consistently and reliably differentiate nanobubbles from 

nanoparticles is required. The widespread adoption of such tests would prevent false reports of 

bulk nanobubbles and progress our understanding of bulk nanobubbles.  
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1.5 Aims and Structure of the Thesis 

This study aims to 

1. Develop a protocol that can be applied to a dispersion of unknown nanoparticles to 

determine with confidence whether they are gas filled bubbles or otherwise.   

2. Investigate methods that have been reported to produce long-lived bulk nanobubbles. 

This knowledge will be used to address fundamental issues in the field, such as 

understanding what conditions (if any exist) are required for nanobubbles to be long 

lived. 

 The following hypotheses will be tested in this study 

• The pressure response of nanobubbles can be used to differentiate them from other 

nanoparticles, even when the nanobubbles are armoured with a shell of insoluble lipid. 

• The density of nanoparticles can be determined using the resonant mass measurement 

method. 

• Long-lived bulk nanobubbles can be generated by mechanical means.  

• The mixing of ethanol and water produces stable long-lived bulk nanobubbles. 

• Supersaturation obtained by a chemical reaction produces long-lived nanosized bubbles 

in bulk.  
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1.5.1 Outline 

The remainder of this thesis is organised as follows  

Chapter 2 describes the main characterization techniques used in this study, including dynamic 

light scattering, nanoparticle tracking analysis, and resonant mass measurement.  

In Chapter 3, the methods developed to distinguish bulk nanobubbles from other nanoparticles 

are explained in detail. This includes size measurement under the application of external 

pressure and the determination of nanoparticle density. These methods were applied to 

armoured nanobubbles that are usually used in ultrasound imaging. The results of these 

experiments are discussed in detail. These techniques have been applied in chapters 4-6.  

Chapter 4 investigates the existence of long-lived bulk nanobubbles produced using two 

different devices that are designed to produce bulk nanobubble solutions by mechanical means. 

In Chapter 5, a simple method for generating nanoparticles by mixing ethanol and water is 

presented. The constitution of these particles whether they are gas filled or otherwise is 

determined and how the nanoparticles are formed is explained.  

In Chapter 6 the hypothesis that nanobubbles can be generated using a gas evolving chemical 

reaction to supersaturate the solution is tested. In particular, the chemical reaction between 

ammonium chloride and sodium nitrite is studied. A promising method for controlling the 

generation of nanoparticles by controlling the reaction rate of the chemical reaction is proposed 

and discussed.  

Chapter 7 summarizes the main findings of this research and discusses interesting areas for 

future research in this field.  
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Chapter 2 Experimental Procedures  

A range of methods were employed in this study to provide fundamental information about the 

nanoparticles such as their average size, concentration, buoyancy, and stability. The techniques 

described here are shared across most of the research described in later chapters. Techniques 

that are applied exclusively to a specific portion of the research are reported later in the 

experimental methods section of the chapter describing that research.  

The size distributions of nanoparticles in this study were measured using light scattering 

methods such as dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA). 

Resonant mass measurement (RMM) was used to measure the size and buoyant mass of 

nanoparticles in solution. This chapter provide an overview of each technique including a brief 

discussion of their capabilities and limitations.   

2.1 Dynamic light scattering 

In this study, a Zetasizer Nano ZS (Malvern) employing a 633 nm He−Ne laser at a scattering 

angle of 173° was used to measure the size of particles in solution using dynamic light scattering 

(DLS). 

Dynamic light scattering (DLS), which is also known as photon correlation spectroscopy (PCS), 

is used to measure the hydrodynamic size of dispersed particles. If a laser light is shone onto a 

group of stationary particles, they will interact with the electromagnetic radiation and scatter 

light in different directions. If a detector is placed at a specific angle from the sample, the 

scattering of the particles in the detector will look like a speckle pattern of dark and bright spots 
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due to the constructive and destructive interference of the scattered waves from the particles138. 

In reality, suspended particles in solutions are never stationary, rather they move randomly due 

to Brownian motion. This leads to fluctuating patterns over time. In DLS, the fluctuation in the 

net intensity of the scattered light is quantified using an autocorrelation function. Small particles 

that move quickly due to Brownian motion result in a fast decay in the autocorrelation function. 

In contrast, large particles cause a slow decay in the autocorrelation function. An example of 

raw correlation data is given in Figure 2-1A below. 

For suspended monodisperse particles in solution undergoing Brownian motion, the 

exponential decay for the correlation function G(τ) with delay time τ is expressed as138 

 𝐺𝐺(𝜏𝜏) = 𝐴𝐴𝑒𝑒−𝐷𝐷𝑞𝑞2𝜏𝜏 + 𝐵𝐵 (2.1) 

Where A is the amplitude of the correlation function, which is the intercept the correlation 

decay, D is translational diffusion coefficient of dispersed particles, B is the baseline, and q is 

the magnitude of the scattering vector which is related to the angle θ  by  

 𝑞𝑞 =
4𝜋𝜋𝑛𝑛𝐷𝐷
𝜆𝜆

sin
𝜃𝜃
2

 (2.2) 

where nD is the refractive index of the solvent 

DLS uses the Stokes-Einstein law to extract the average size of nanoparticles from the diffusion 

coefficient D. This size is reported as the z-average diameter, which is simply the intensity 

weighted mean size and is the most reliable size measurement produced by the instrument. The 

form of the Stokes-Einstein law is dependent on the hydrodynamic boundary condition at the 

surface of the particle. For a spherical particle, the Stokes-Einstein law is:  

 
𝑟𝑟 =

𝑘𝑘𝐵𝐵𝑅𝑅
𝑐𝑐𝜋𝜋𝜂𝜂𝐷𝐷

 (2.3) 

   



42 

where kB is the Boltzmann constant, T is the temperature, η is the viscosity, r is the particle 

radius, and c is 4 for a slip boundary condition and 6 for a no-slip boundary condition. If the 

wrong boundary condition is used, the error in the measured size may be substantial; a particle 

with a slip boundary condition analysed using a no-slip boundary condition would have its size 

underestimated by one-third. Generally, a no-slip condition is assumed in equation 2.3. This 

assumption is accurate for solid particles and liquid droplets. For nanobubbles, it is possible 

that a slip boundary condition should be used as the gas-liquid interface is often treated with a 

slip boundary condition. However, analysis of the rise velocity of bubbles in purified water 

shows that only when water has undergone extreme purification measures is a slip boundary 

condition evident for a bubble that is more than a few seconds old 118,119. Therefore, it is 

appropriate to use the no-slip boundary condition here, even for nanobubble samples (i.e., c = 

6 in equation 2.3).  

DLS provides three types of distributions: intensity, volume, and number distribution. The 

intensity distribution reflects the raw distribution obtained by the DLS technique.  It is worth 

noting that the size measurements based on intensity distribution are more sensitive to large 

particles than to small particles. This is due to the proportional relationship between the 

intensity of scattered light and the sixth power of the diameter of the detected particle according 

to the Rayleigh approximation139.  

 𝐼𝐼 ≈ 𝑑𝑑6 (2.4) 

These limitations must be borne in mind when using the results from the Zetasizer. The other 

two distributions are useful but less accurate as they are derived from the intensity 

measurements using Mie theory140,141. The volume distribution shows the total volume of 

particles in different size bins, whereas the number distribution shows the number of particles 

in different size bins. The last two distributions are calculated from intensity measurements 

based on the assumption of the optical properties of the material, namely, refractive index and 
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absorption. Thus, the volume and number distribution can only be used if the optical properties 

of the material and solvent are known. 

DLS is suitable for measuring monodispersed samples. It measures particles ranging from 0.3 

nm to 10 µm. It does not require a large sample volume or long periods of time for sample 

preparation. However, an appropriate sample concentration is needed to meet the quality criteria 

for measurement, where the minimum and maximum concentrations are 0.1 mg/ml. and 40 % 

weight/volume, respectively.  

A typical DLS size measurement for a standard nanoparticle is shown in Figure 2-1 . The 

measurements were made with automatic attenuation at a position of 4.65 mm from the cuvette 

wall and analysed using the Malvern Zetasizer software version 7.1.  

 

Figure 2-1. An example of raw data obtained using DLS for 100 nm standard silica particles 

(nanoComposix, USA). Panel A shows the correlation function over time, and Panel B 

shows the corresponding intensity weighted distribution and the measured z-average for 

this data is reported in the legend. (The supplier-reported physical characterization data for 

these standard particles are shown in Table 2-1) 
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2.2 Nanoparticle tracking analysis 

A NanoSight (NS300, Malvern) was used to measure the size and determine the concentration 

of nanoparticles in solution. 

The first description of the Nanoparticle tracking analysis (NTA) technology was published in 

2006 by Malloy and Carr142. It has a unique capability in visualizing the scattered light from 

individual nanoparticles in a liquid using a conventional optical microscope. By tracking the 

particles,; it can be used to obtain the size distribution of the particles. Tixier et al., conducted 

one of the early experiments using NTA to obtain the size distribution of oil droplets in lyotropic 

cholesteric and thermotropic nematic emulsions143. In the same year, Borm et al.144 highlighted 

the possible uses of NTA by characterising nanoparticles in order to monitor changes in particle 

size and concentration. The novelty of this technique has attracted growing interest for use in 

characterising nanoparticles and obtaining particle size distributions for different applications 

such as drug delivery145–147, protein aggregations145,148,149, virology and vaccine 

production150,151, toxicology152,153, and nanoparticle design and production154–156.  

In this technique, suspended particles in a solution are illuminated by a laser light source. The 

scattered light from these particles is detected and recorded into movie files (see Figure 2-3A) 

using a camera mounted on a 20 x magnification microscope. A schematic representation of the 

instrument is shown in Figure 2-2. The instrument employs the nanoparticle tracking analysis 

(NTA) system to track the scattering of the individual particles and calculate their size based 

on their diffusion under Brownian motion using the 2 dimensional modified version of Stokes-

Einstein equation157.  

 
(𝑥𝑥,𝑦𝑦)2���������

4𝑎𝑎𝑠𝑠
= 𝐷𝐷 =

𝑘𝑘𝐵𝐵𝑅𝑅
6𝜋𝜋𝜂𝜂𝑟𝑟

 (2.5) 
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Where (𝑥𝑥,𝑦𝑦)2��������� is the mean squared displacement of a nanoparticle in two dimensions and ts is 

the sampling time. 

As NTA measures the size particle by particle, the NanoSight instrument generally provides 

more accurate size distribution data than DLS145. In addition, the instrument calculates the 

concentration of particles by counting the number of particles observed in an approximately 

100 × 80 µm field of view illuminated by a beam with a depth of 10 µm. The concentration 

range for the instrument is within a range of 107 to 109 particles/ml for particles in the 20–2000 

nm size range.  

The NanoSight used here was equipped with a blue laser light source (70 mW, λ = 405 nm) and 

NanoSight software (version V3.1) was used to process all measurements. To achieve a more 

accurate measurement, the sample was inserted into the NanoSight cell using a syringe pump 

at constant speed (flow rate set to 30 in arbitrary units) for the duration of measurement.  

The size distribution data obtained for a standard consisting of spherical polystyrene particles 

with a diameter of 100 ± 0. 2 nm (Thermo Fisher Scientific) is shown in Figure 2-3. The 

measurement was the average of numerous particles imaged in five recorded videos with a 

duration of 60 seconds each, captured at 25 frames/s. The parameters used were camera level = 

14, threshold = 3, gain = 366, and the viscosity for water at 25 °C, 0.888 Cp. The camera level 

is responsible for the brightness and contrast of the image, which are used to identify the 

particles with minimum background noise. The viscosity  parameter affects the size 

measurement, whereas the other parameters primarily influence the measurement of 

concentration (see section 2.3.2.4).  
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Figure 2-2. Schematic diagram of the NanoSight instrument, adapted from a diagram on the 

webpage of the instrument manufacturer from Malvern1. 

 

Figure 2-3. Panel A. A single frame showing the visualized polystyrene latex nanoparticles 

using NnaoSight NS300. NTA tracks the Brownian motion of these individual particles to 

determine the corresponding size distribution (Panel B).   

                                                 
1https://www.malvernpanalytical.com/en/learn/knowledge-
center/whitepapers/WP140311NanoScaleMaterialCharacterizationNTAReview 

https://www.malvernpanalytical.com/en/learn/knowledge-center/whitepapers/WP140311NanoScaleMaterialCharacterizationNTAReview
https://www.malvernpanalytical.com/en/learn/knowledge-center/whitepapers/WP140311NanoScaleMaterialCharacterizationNTAReview
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Comparison between DLS and NTA 

Filipe et al145 performed a comparison study between DLS and NTA. They showed that NTA 

is superior for reporting accurate size distributions for both monodispersed and polydispersed 

samples compared to DLS. In addition, the accuracy of the NTA measurement was not affected 

by the presence of large particles in the suspension, unlike in the DLS measurement, where the 

accuracy of the size measurement was greatly affected. However, DLS has some advantages 

over NTA. For instance, the size range in DLS (0.3 nm – 10 µm) is broader than the size range 

in NTA (20 nm – 2 µm). Further, while NTA measurements are limited to a concentration range 

of 107 – 109 particles/ml, DLS can measure concentrated samples without dilution (up to 40 % 

weight/volume). Finally, DLS measurements are known to be less time consuming than NTA 

measurements, which require a skilled operator to obtain accurate and reproducible results.  

2.3 Resonant mass measurement 

An Archimedes (Malvern Instruments, Malvern, UK) was used to determine the size and 

buoyant mass of nanoparticles in solution. The instrument uses the resonant mass measurement 

technique to measure the mass of a particle relative to the solvent for individual suspended 

particles 105.  

Burg et al.105 first demonstrated the RMM technique in 2007 by weighing suspended single 

nanoparticles and bacterial cells in water. In other work by the same authors158, RMM was used 

to measure the mass, density and size of polystyrene particles, E. coli bacteria and human red 

blood cells. The technique has since been commercialised by Affinity Biosensors (Santa 

Barbara, CA) and used for a range of purposes such as determining the density of single cells159, 

monitoring cell growth160 and quantifying the coating on particle surfaces161. RMM has also 
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been used to characterise protein particles in order to quantify the protein and silicon oil 

contaminates that are present in commercial silicon oil-lubricated prefilled syringes162,163.  

In RMM, a fine cantilever with an internal channel is used as the sensing unit (panel A in Figure 

2-4). The nanoparticle suspension is passed through the microchannel using a pressure gradient, 

whilst the resonance frequency is monitored. The nanoparticle solution is delivered to the 

microfluidic channel via two wider bypass channels that are connected to the inlet and outlet of 

the embedded microfluidic channel. The flow within the microchannel is controlled by tuning 

the pressure at the inlet and the outlet of the bypass channel. This has been previously described 

in detail by Burg et al. 105. As particles pass through the sensor, the resonant frequency of the 

sensor shifts. If the particle density is greater than that of the surrounding solvent, the frequency 

decreases, and if the particles are less dense than the solvent, the frequency increases (see panel 

B in Figure 2-4). Thus, positively buoyant particles can easily be distinguished from negatively 

buoyant particles by the sign of the change in frequency. Each particle leads to a spike in the 

resonance frequency as the particle moves through the channel. Therefore, surface nanobubbles 

or nanoparticles adhered to the surface of the microchannel are not measured, as they will 

induce a change in the baseline signal, rather than a spike in the resonance frequency.  
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Figure 2-4. Principle of the RMM technique. The Archimedes uses a fine cantilever with 

an embedded fluidic channel to detect the particles in solution (panel A).  Positions 1–3 

correspond to the order of movement of the particles as they enter the channel (1), reach the 

sensing point (2) and finally leave the channel (3). The flow of the dispersed nanoparticles 

(ρp ≠ ρf ) through the microchannel causes a shift in the resonance frequency of the 

cantilever, which enables the instrument to distinguish positively buoyant particles (ρp < ρf 

) from negatively buoyant particles (ρp > ρf)  (Panel B).  

This technique determines the size based on the frequency shift (∆f), which is proportional to 

the buoyant mass (mB) and the sensitivity of the resonator (Sr) (eq 2.6) The software converts 

the buoyant mass to a dry mass (m) (eq 2.7), and to a corresponding particle diameter (eq 2.8) 

based on the density of fluid (ρf) if the density of the suspended particles (ρp) is known. 

 𝑎𝑎𝐵𝐵 =  
∆𝑓𝑓
𝑆𝑆𝑟𝑟

 (2.6) 
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𝑎𝑎 =  

𝑎𝑎𝐵𝐵

(1 −
𝜌𝜌𝑓𝑓
𝜌𝜌𝑝𝑝

)
 (2.7) 

 

 𝑑𝑑 =  �
6𝑎𝑎
𝜋𝜋𝜌𝜌𝑝𝑝

3
 (2.8) 

Although particles less dense than the solvent can be immediately distinguished from particles 

denser than the solvent, due to the sign of the change in frequency, the technique does not 

directly yield the density of the particles, as both the particle size and density contribute to the 

buoyant mass of the particle. However, a method was adapted in this study to calculate the 

mean density of dispersed nanoparticles using the RMM method. (details are reported in 

§3.4.4).  

RMM is designed to measure the buoyant mass and size of particles in the micron and nano 

size ranges using microsensor and nanosensor chips with internal channels having square cross 

sections of 8 × 8 µm2 and 2 × 2 µm2, respectively. Optical microscope images of the sensors 

are given in Figure 2-5. The particles upper size limit is set by the channel size and is therefore 

8 µm for the microsensor chips and 2 µm for the nanosensor chips. The nanosensor chips have 

a higher sensitivity (lower detection limit of 350 ag) than the microsensor chips (lower detection 

limit of 1.5 fg). 
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Figure 2-5. Optical microscope images of a microsensor (A) and nanosensor (B) 

(magnification, 5x) used in the RMM system. The sensors have cantilevers with embeded 

internal channels, as shown in Figure 2-4A. The cantilevers are connected to a bypass 

channel from the right and left sides. The dimensions of the bypass channels (~ 50 µm) are 

designed to be larger than the cross dimensions of the embedded microfluidic channel in 

the sensor to allow the sample to be delivered quickly.  

A disadvantage of RMM is that the sensor can become blocked. Thus, great care should be 

taken when preparing samples for RMM. To avoid blocking the sensor, it is recommended that 

the samples be filtered through a smaller pore size than the width of the channel. If blockage 

occurs, it is not straightforward to resolve the issue, given the very small dimensions of the 

channel. Difficulty was experienced in restoring blocked sensors during this study. To resolve 

this, the blocked sensors were rinsed with different surface-active agents, such as a positively 

charged surfactant (CTAB), a negatively charged surfactant (SDS), and even a commercial stain 

remover (OxiClean™, Church & Dwight, USA, < 10% w/w). The stain remover was found to 

be more effective than the other agents. However, the success rate of restoring the blocked 

sensors was low, even with the stain remover. Thus, precautions should be taken to eliminate 

larger particles when preparing and measuring samples using RMM.   

ParticleLab software (version 1.2) provided by Malvern, was used to process all measurements 

described in this study. Standard spherical particles of polystyrene with a diameter of 508 ± 8 

nm purchased from Thermo Fisher Scientific were used to calibrate the RMM sensors prior to 
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measurements. The raw frequency and the buoyant mass, dry mass, and size histogram for this 

sample are shown in Figure 2-6.  

 

Figure 2-6. RMM on a 508 ± 8 nm polystyrene standard in water. The measured raw 

frequency histogram (A) was used to calculate the buoyant mass histogram (equation 2.6) 

(B), convert it to a dry mass histogram (equation 2.7) (C), and finally, to a size distribution 

(equation 2.8) (D). These data were determined based on a total of 300 particles detected at 

room temperature using a nanosensor chip. The detection threshold parameter was set at 

0.009 Hz and the density for polystyrene nanoparticles2 was set to 1.055 g/cm3.  

 

                                                 
2 https://www.thermofisher.com/au/en/home/life-science/cell-analysis/qdots-microspheres-nanospheres/idc-
surfactant-free-latex-beads/latex-bead-technical-overview.html 

https://www.thermofisher.com/au/en/home/life-science/cell-analysis/qdots-microspheres-nanospheres/idc-surfactant-free-latex-beads/latex-bead-technical-overview.html
https://www.thermofisher.com/au/en/home/life-science/cell-analysis/qdots-microspheres-nanospheres/idc-surfactant-free-latex-beads/latex-bead-technical-overview.html
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2.3.1 Comparison between NTA and RMM 

NTA and RMM are both unique methods for characterising nanoparticles in solution. As RMM 

can distinguish positively buoyant particles from negatively buoyant particles, it has a clear 

advantage over NTA in the characterisation of particle dispersions that may contain 

nanobubbles. However, RMM requires great care when performing measurements to eliminate 

larger particles and to avoid blockage of the sensor. Both techniques are time-consuming and 

require a skilled operator.  

The two techniques use two different working principles to measure the size and concentration. 

The study below describes a preliminary evaluation of RMM compared to NTA using different 

size ranges of standard particles. This study was important for testing and comparing the 

techniques before applying them to nanobubble candidate samples, as we are unaware of any 

available study comparing these two techniques. 

2.3.2 Evaluation of Size and concentration measurements: a 

comparison of NTA and RMM 

2.3.2.1  Preparation of standard nanoparticles  

Standard silica nanoparticles and gold nanoparticles with diameters ranging from 80 – 200 nm 

and 60 –100 nm, respectively, purchased from (nanoComposix, USA) were used for the 

comparison study. The supplier reported the average diameter (measured using transmission 

electron microscopy (TEM)), the hydrodynamic diameter (measured using Zetasizer Nano ZS) 

and the nanoparticle concentration. The physical characterization data, and the supplier lot 

number for each standard is shown Table 2-1. The nanoparticles were diluted from the supplied 

package in high-grade purified water (ELGA PURELAB Chorus 3 system with a resistivity of 
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18.2 MΩ) until the concentration was suitable for NTA and RMM measurements. The final 

diluted particle concentration used in NTA and RMM is provided in Table 2-1. The sample was 

sealed and shaken vigorously by hand for 60 seconds at the time of dilution, and also before 

characterization.  

For the polydisperse samples, the standard nanoparticle solutions that had been diluted in Table 

2-1  were used to prepare a mixture containing  80 nm, 100 nm and 200 nm silica nanoparticles 

and another mixture containing  60 nm, 80 nm and 200 nm gold nanoparticles at an equal 

volume ratio of 1:1:1. Note the concentration of each particle size in the mixtures is not the 

same.  

2.3.2.2  Instruments parameters  

For NTA measurements, the parameters used were camera level = 14, threshold = 3 and gain = 

366; the viscosity for water at 25°C = 0.888 cP. RMM measurements were performed at room 

temperature using nanosensor chips. Data were acquired until 300 particles had been measured. 

The detection threshold was set to 0.009 Hz. The density of the gold nanoparticles was set to 

19.32 g/cm3. The density of silica nanoparticles varies and was not known for these samples. 

Therefore, the density was estimated by adjusting the density in the Archimedes software until 

the sum of mean sizes for 100 nm and 200 nm silica nanoparticles matched the sum of the mean 

size reported by the manufacturer for the samples. This yielded a mean density value of 2.2 

g/cm3, which was used in RMM to analyse the silica nanoparticle measurements. 
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Table 2-1. Details of the particles used in this study as reported by the supplier 

(nanoComposix, USA ) and the dilluted particle concentration.  

 
80 nm 

SIO2  

100 nm 

SIO2  

200 nm 

SIO2  

60 nm  

Au  

80 nm  

Au  

100 nm  

Au  

Supplier Lot 

Number 
ECP1152 JEA0068 JEA0113 MEL0003 BAM0007 JSD0020 

Diameter 

(TEM) 

 

82.6 ± 4.7 

nm 

99.2 ± 5.8 

nm 

199 ± 15.2 

nm 

63 ± 6 

 nm 

76 ± 7 

 nm 

103 ± 10 

nm 

Hydrodynamic 

Diameter* 
98.6 nm 118.8 nm 218.6 nm 71 nm 84 nm 105 nm 

Initial Particle 

Concentration* 

(particles/ml) 

1.5× 1013 9.5 × 1012 1.1 × 1012 2.1 × 1010 1.2 × 1010 4.7 × 109 

Diluted Particle 

Concentration 

(particles/ml) 

9.5× 108 1.4× 109 2.5× 108 2.5× 108 2.2× 108 1.5× 108 

* The hydrodynamic diameter and concentration was reported by Nanocomposix without error bars. 

 

2.3.2.3  Size measurements for monodispersed samples 

Standard silica nanoparticles (80 nm, 100 nm, 200 nm) and gold nanoparticles (60 nm, 80 nm, 

100 nm) were measured using NTA and RMM. The size distribution is shown in Figure 2-7, 

and the values are reported in Table 2-2. The size measurements for gold nanoparticles showed 

reasonable agreement between the two techniques and the supplier-reported size measurements 

(Table 2-2). The mean size measurements were 69.5 ± 0.4 nm, 79.8 ± 0.6 nm, and 96.8 ± 0.5 

nm using NTA, and 61 ± 0.2 nm, 73 ± 0.3 nm, and 97 ± 0.4 nm using RMM, for 60 nm, 80 nm, 

and 100 nm gold nanoparticles, respectively. These values agree with the values reported by 

the supplier, in which the reported diameters were 63 ± 6 nm, 76 ± 7 nm, and 103 ± 10 nm for 

60 nm, 80 nm, and 100 nm gold nanoparticles, respectively. Further, the size distributions for 

80 nm and 100 nm gold particles obtained using NTA, agreed with the size distributions 
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obtained by RMM (Figure 2-7 Panels E-F). For 60 nm gold particles, the size distributions using 

the two techniques overlapped, but the distributions were offset. RMM registered smaller 

particles down to 40 nm, whereas NTA detected larger particles up to 80 nm in size (Figure 

2-7D). 
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Figure 2-7. Size distribution for standard nanoparticles using NTA and RMM. The left 

column shows the size distribution for silica nanoparticles with a reported mean diameter 

of  82.6 ± 4.7 nm (A), 99.2 ± 5.8 nm (B), and 199 ± 15.2 nm (C), and the right column 

shows the size distribution for gold nanoparticles with an average diameter of 63 ± 4.7 nm 

(D), 76 ± 7 nm (E), and 103 ± 10 nm (F). Note the concentration scale on these figures is 

not the same.  

NTA provided accurate size measurements for 100 nm and 200 nm silica, with obtained mean 

sizes of 105.2 ± 1 nm, and 187 ± 1.9 nm, which were in agreement with the reported values of 

99.2 ± 5.8 nm, and 199 ± 15.2 nm for, 100 nm, and 200 nm silica respectively. However, the 

measured mean size of 80 nm silica was above the reported value, where the measured size and 

the reported value were 89.3 ± 0.6 nm and 82.6 ± 4.7 nm respectively. The sizes measured using 

RMM differed slightly from that measured using NTA for 100 nm silica and 200 nm silica, 

with mean sizes of 108 ± 0.8 nm and 192 ± 1 nm, respectively. The slight variation in RMM 

could be due to variation in the density of silica, which does not have a well-defined density (a 

typical density range for silica is 1.9–2.7 g/cm3)164.  

For 80 nm silica nanoparticles, RMM was unable to register all the particles, resulting in an 

inaccurate size measurement (see Figure 2-7A). This was attributed to the particles having a 

buoyancy below the detection limit of RMM, as the instrument was unable to register silica 

nanoparticles with sizes of less than 87 nm, as shown by the cutoff in the figure. More details 

of the effects of nanoparticle and solvent density on the minimum detection limit of RMM are 

given in §3.4.4 .  
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Table 2-2. Tabulated size and concentration measurements for standard silica and gold 

nanoparticles using NTA and RMM. The error bars in the size measurements represent the 

standard error.  

 
80 nm 

SIO2  

100 nm 

SIO2  

200 nm 

SIO2  

60 nm   

Au  

80 nm 

Au  

100 nm 

Au  

Reported Size (nm) 
82.6 ± 4.7 

nm 

99.2 ± 5.8 

nm 

199 ± 15.2 

nm 

63 ± 6  

nm 

76 ± 7  

nm 

103 ± 10 

nm 

N
TA

 

Mean Size (nm)  89.3 ± 0.6 105.2 ± 1 187± 1.9 69.5± 0.4 79.8± 0.6 96.8± 0.5 

Concentration 

(particles/ml) 
1.2 × 109 1.3 × 109 8.6 × 108 8.7 × 108 7.8× 108 7.8 × 108 

Measured 

conc./expected 

conc. 

1.20 0.92 3.4 3.50 3.50 5.20 

R
M

M
 

Mean Size (nm) 97 ± 7 108 ± 0.8 192 ± 1 61 ± 0.2 73 ± 0.3 97 ± 0.4 

Concentration 

(particles/ml) 
6 × 107 2.7× 108 2.8 × 108 2.7 × 108 2.2 × 108 1.4 × 108 

Measured 

conc./expected 

conc. 

0.06* 0.20* 1.12 1.10 1.00 0.93 

*Particles with bin size less than the cut-off (i.e. 87 nm) were undetected leading to only a fraction of the population 
being detected. 
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2.3.2.4  Concentration measurements 

Another conclusion that can be drawn from this comparison regards the variation in the 

measured concentration. The original and measured concentrations are shown in Table 2-2. For 

NTA, the measured concentrations for 100 nm and 200 nm silica were close to the original 

values, whereas the concentrations for the other nanoparticles were overestimated by factors of 

3 to 5 (see Table 2-2). In contrast, the concentration measured using RMM was in agreement 

with the value reported by the supplier, when the entire population was within the detection 

limit. This is shown in the concentration measured for all size ranges of gold nanoparticles and 

200 nm silica nanoparticles (values are reported in Table 2-2). For 100 nm silica particles and 

80 nm silica particles, the concentrations were underestimated by factors of 5 and 15, 

respectively. However, the concentration comparison here is not valid because a portion of the 

particles were below the detection limit.  

In NTA, the concentration measurement is greatly affected by the camera level, where an 

increase in the camera level leads to saturate the scattering intensity of the particles and an 

increased number of detected particles165,166. A high camera level is needed to detect smaller 

particles, whereas larger particles are usually detected at low camera levels. Measuring small 

particles (< 100 nm) at low camera levels thus causes small particles to go undetected, whilst 

measuring large particles (~ 1000 nm) at high camera levels leads to oversaturation of the 

scattering intensity, which causes background noise and false results31. This poses challenges 

when measuring a very polydisperse sample that contains a mixture of very small particles (< 

50 nm) and very large particles (~ 1000 nm), with an optimal setting for the camera level being 

hard to achieve in such cases. Another key factor in determining the concentration in NTA is 

the detection limit (i.e. detection threshold), which is the minimum intensity required for a 

particle to be registered31. In contrast to the camera level, a low detection limit is needed to 

detect small particles and increasing the detection limit results in underestimation of the actual 
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number of particles. However, if the detection limit is too low noise interferes with the particle 

tracking. Further, the capture time needs to be sufficient to track the fast movement of very 

small particles and needs to be longer for larger particles in order to produce reliable statistics 

and results. Finally, the concentration of nanoparticles measured by NTA has been reported to 

be affected by the flow mode in which particles are measured whilst fluid passes through the 

cell167. Mass et al.167 indicated that using the flow mode leads to the concentration of 

nanoparticles being underestimated, compared with the static mode. This underestimation in 

the flow mode is mainly because of the drift velocity, which causes more particles to move out 

of the field of view before being counted. However, the flow mode is preferred in NTA 

measurements because it allows a larger volume of the sample to be detected and counted in 

the same measurement. This allows a greater number of particles to be measured offering a 

closer reflection of the actual sample size distribution than the static mode. It is worth noting 

here that the concentration measurement using NTA was overestimated for most of the 

particles. It is still not known the reason behind overestimating the concentration of the 

nanoparticles.  

As discussed above, concentration measurements using NTA are strongly affected by the 

parameters selected, and any variation in the parameters would change the reported 

concentrations. Therefore, it is recommended that a set of suitable parameters for a particular 

measurement be chosen and that these parameters are not changed between samples that are 

being compared. The parameters also depend on the sample and are not necessarily a single set 

that is suitable for all samples; therefore, the concentration measurement using this technique 

should not be seen as an accurate, absolute measure unless it has been calibrated against an 

appropriate (i.e. similar) standard under the same imaging conditions. 

Concentration measurements using RMM could also be influenced by the choice of parameters. 

For instance, a crucial parameter used in RMM is the limit of detection (LOD), which is the 
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minimum shift in the sensor frequency to register the presence of a particle. Choosing a higher 

value for the LOD than the optimal value increases the baseline during measurement, which 

then leads to discounting signals that may correspond to small particles. The aim is to set the 

LOD as low as possible in order to detect as many particles as possible without registering noise 

as particles. This selection can be informed by observing the noise in the solvent in the absence 

of particles.  Further, as the particles are delivered to the microfluidic channel via a bypass 

channel, not all particles are necessarily delivered successfully, with some particles not entering 

the microfluidic channel, leading to less particles being registered in the sensor than the actual 

number of particles in the sample. Finally, concentration measurements using RMM are 

influenced by the concentration range of the nanoparticles. The concentration range for an 

accurate RMM measurement is 107 – 109 particles/ml, such that the instrument detects one 

particle in the microfluidic channel at any given time. If two or more particles enter the detector 

at the same time, the software rejects this data, thus affecting the reported concentration168. This 

leads to an upper limit for the concentration that can be studied. The lower limit is due to the 

time taken to count a sufficient number of particles. 

2.3.2.5  Size measurements for polydisperse samples  

To test the accuracy of NTA and RMM measurements for polydisperse samples, a mixture of 

silica and gold nanoparticles were prepared by mixing the monodispersed 80 – 100 – 200 nm 

silica and 60 – 80 – 200 nm gold nanoparticles reported above separately. The results of the 

NTA and RMM measurements for these samples are shown in Figure 2-8. Apart from the 80 

nm silica in which most of the monodispersed population could not be detected by RMM (see 

Figure 2-7A), RMM showed well-defined peaks for all size ranges in both the silica and gold 

samples. NTA was also able to show the individual peaks for 100 nm and 200 nm silica; 

however, it was not able to show well-defined peaks within smaller size ranges. The 80 nm 
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silica was not distinguishable using NTA in the mixture, as the sample merged with the 100 nm 

peak (Figure 2-8A). Similarly, the peaks for 60 nm, 80 nm and 100 nm gold were not well 

defined when compared to RMM (Figure 2-8B). 

 

Figure 2-8. Size distribution obtained using NTA and RMM for a mixture of different size 

ranges of monodispersed nanoparticles (A) silica (80 – 100 – 200 nm), and (B) gold (60 –

80 – 100 nm) (B). The size distribution and concentration for each size range before mixing 

is shown in Figure 2-7 and Table 2-2.  

2.3.3  Summary 

The main experimental characterization methods used in this thesis have been described in this 

chapter. These techniques include light scattering techniques including dynamic light scattering 

(DLS) and nanoparticle tracking analysis (NTA) and resonant mass measurement (RMM). A 

detailed overview of the principles and capabilities of each technique has been provided.   

In the second part of this chapter, a preliminary comparison between NTA and RMM 

techniques was conducted on monodispersed and polydispersed nanoparticles. NTA provided 

accurate size measurements and distributions for monodispersed silica and gold nanoparticles. 

RMM also yielded accurate size measurements with the exception of the 80 nm silica 
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nanoparticles, as a portion of these particles was below the detection limit for RMM. For 

polydisperse samples, well-defined peaks were shown in the size distributions obtained by 

RMM, whereas NTA was not able to resolve the peaks of the two smaller particle sizes. Finally, 

the accuracy of the concentration measurements using NTA varied from one range of particles 

to the next, whereas RMM provided more accurate concentrations as long as the entire 

population of particles was within the limits of detection. Clearly the lessons here are that 

caution is required when comparing concentrations and size measurements between the 

techniques and therefore wherever possible these comparisons on real samples should be made 

using the same technique. More research is needed to expand this comparison for different 

particle types and different particle size distributions. Further, is it important to do the 

comparison by manipulating the experimental parameters used in both NTA and RMM 

techniques to better understand how such parameters influence the measurement.  
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Chapter 3 Differentiating Between 

Nanoparticles and Nanobubbles by Evaluation 

of the Compressibility and Density of 

Nanoparticles 

Most of the material in this chapter is reproduced with minor changes from the following 

references:  

M. Alheshibri, V.S.J. Craig, Armoured nanobubbles; ultrasound contrast agents under pressure, 

J. Colloid Interface Sci. 537 (2019) 123–131. doi:10.1016/j.jcis.2018.10.108.  

M. Alheshibri, V.S.J. Craig, Differentiating Between Nanoparticles and Nanobubbles by 

Evaluation of the Compressibility and Density of Nanoparticles, J. Phys. Chem. C. 122 (2018) 

21998–22007. doi:10.1021/acs.jpcc.8b07174. 

3.1 Introduction  

A lack of techniques and methods designed to distinguish bulk nanobubbles from other 

nanoparticles has meant that most reports of measurements on long-lived bulk nanobubbles 

have not been definitively shown to involve nanobubbles. Therefore, the field of bulk 

nanobubble research is in dire need of reliable methods to demonstrate that a particular 

dispersion of nanoparticles contains nanobubbles, particularly as their long term stability 

challenges our fundamental understanding of the interplay between solubility, Laplace 

pressure, Henry’s equation and diffusion.  
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This chapter reports a novel protocol that can be applied to candidate nanobubble dispersions. 

The samples selected for this study are well known gas filled bubbles that have been used in 

ultrasound imaging (i.e. ultrasound contrast agent). An overview of ultrasound contrast agents 

including key studies in the literature concerning their usage, size, and formation is given in 

section §3.2.  The chapter then describes the materials and the protocol developed to test 

whether candidate nanoparticles are gas-filled nanobubbles. The protocol is based on evaluating 

the compressibility and density of nanoparticles. Details of these methods and the findings when 

they were applied on the ultrasound contrast agent sample is discussed in sections §3.3 and 3.4 

respectively.  

3.2 Background of Ultrasound Contrast Agents  

Contrast in ultrasound imaging arises from the dissimilar acoustic properties of different tissues. 

The acoustic properties of bubbles is very different to that of tissues and fluids, therefore 

imaging contrast can be enhanced by using bubbles as ultrasound contrast agents. Microbubble 

preparations such as Definity (Lantheus Medical Imaging) and Optison (GE Healthcare) are 

used clinically as image contrast agents and are currently approved by the Food and Drug 

Administration (FDA) for use in the United States 121. As microbubbles are removed by the 

vasculature, nanobubbles are being investigated as a means to improve the lifetime in-vivo of 

ultrasound contrast agents 5,6,8. The high acoustic impedance mismatch between the gas and 

surrounding tissues or fluids causes strong ultrasound scattering. Further, the response of 

bubbles to an ultrasound field is more complex than other tissues 121. Microbubbles resonate 

symmetrically when exposed to low acoustic power. However, at intermediate acoustic power, 

the expansion and contraction phases became unequal which results in nonlinear behaviour. On 

the contrary, tissues have a linear behaviour due to their comparative incompressibility.  
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Microbubble ultrasound contrast agents utilize bubbles that are less than 10 µm in diameter 169. 

They consist usually of a perfluorocarbon gas of low solubility (e.g C3F8, 5.7 mg/l at 15 ˚C) 170 

and a polymer, protein, or lipid shell169. Due to their low solubility in blood, perfluorocarbon 

gasses are typically used over other common gasses such as nitrogen or oxygen in ultrasound 

contrast agents. The role of the shell of the bubble is to provide impermeable layer leading to a 

substantial drop in the surface tension, which results in near-zero Laplace pressure. This will 

satisfy the equilibrium between the chemical potential of the gas inside and outside the bubble 

and extend their lifetime (for details, see §1.3.1). Coated lipid microbubbles can also be 

fabricated for drug delivery by incorporating lipids with head-groups that specifically bind the 

drug 124,125. The presence of the shell differentiates the ultrafine bubbles used as ultrasound 

contrast agents from most other reports of bulk nanobubbles.  

There has been considerable interest in the formation of sub-micron bubbles for ultrasound 

imaging or drug delivery applications. They are of particular interest because smaller bubbles 

more easily pass through the vasculature due to their small size 3–8. It is a challenge to produce 

very small bubbles of controlled size, however some groups have reported the production of 

bubbles in the nanometer size range. Yin et al. fabricated lipid nanobubbles with an average 

size of 436 nm and studied their echogenic properties both in vitro and in vivo 8. They 

demonstrated that nanobubbles provided a greater contrast enhancement than microbubbles. 

Further, the smaller bubbles exhibited an extended lifetime in vivo. The enhancement obtained 

using microbubbles lasted for 15 minutes, whereas that obtained using nanobubbles lasted for 

an hour. Krupka et al. developed a method to decrease the size of nanobubbles from 881 ± 

127.6 nm to 208 ± 74.7 nm and showed that the addition of a pluronic copolymer enhanced 

echogenicity and stability 171. Recently Gnyawali et al.172 have developed a microfluidic 

technique to decrease the size of suspended encapsulated microbubbles by using a vacuum to 
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extract air from liquid as it flows through microchannels. Tuning the vacuum pressure enabled 

them to reduce the bubble size from 100 µm to 1 µm. Applying similar techniques to 

nanobubbles could potentially produce contrast agents of controlled size in the nanobubble size 

range.  

3.3 Materials and Methods 

High grade purified water (ELGA purelab Chorus 3 system with resistivity 18.2 MΩ) was used 

for all investigations. D2O was purchased from Sigma-Aldrich (Aldrich no: 151882, 99.9 atom 

% D). D2O and water were filtered through filters (0.02 µm Whatman Anotop 10 inorganic with 

an Al2O3 membrane) before use. The filters themselves can be a source of nanoparticles, 

therefore 10 mls of pure water was passed through the filters to rinse them before use. All 

glassware was cleaned with 10% NaOH (AR Grade, Aldrich) for 10 min and rinsed copiously 

with purified water, before being used. 

3.3.1 Ultrasound Contrast agent  

A commercial ultrasound contrast agent (Definity ®, Lantheus Medical Imaging) was used in 

this study. Once activated the ultrasound contrast agent contains nanobubbles of 

octafluoropropane (C3F8) in the gaseous state with an outer lipid shell consisting of (R) – 

hexadecanoic acid, 1-[(phosphonoxy)methyl]-1,2-ethanediyl ester, monosodium salt (DPPA, Mwt 

670 Da); (R) -4-hydroxy-N,N,N-trimethyl-10-oxo-7-[(1-oxohexadecyl)oxy]-3,4,9-trioxa-4-

phosphapentacosan-1-aminium, 4-oxide (DPPC, MWt 734 Da), and (R)-∝-[6-hydroxy-6-oxido-9-

[(1-oxohexadecyl)oxy]-5,7,11-trioxa-2-aza-6-phosphahexacos-1-yl]-ω-methoxypoly(ox-1,2-

ethanediyl), monosodium salt (MPEG5000 DPPE, Mwt ~5750 Da).  The contrast agent is supplied 
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in 2 ml clear glass vials that were stored at 4 ˚C before activation. According to the 

manufacturer, each vial initially contains 6.52 mg/ml of octafluoropropane in the headspace 

and 0.75 mg/ml of the lipid mixture in water. One ml of the clear liquid contains 0.75 mg lipid 

mixtures consisting of 0.045 mg DPPA, 0.401 mg DPPC, and 0.304 mg MPEG5000 DPPE; 

103.5 mg propylene glycol; 126.2 mg glycerin; 2.34 mg sodium phosphate monobasic 

monohydrate; 2.16 mg sodium phosphate dibasic heptahydrate; and 4.87 mg sodium chloride 

in water. 

The ultrasound contrast agent is a colourless clear liquid prior to activation by mechanical 

agitation (see panel A in Figure 3-1). Each vial was equilibrated at room temperature before 

being mechanically agitated for 45 seconds using a mechanical shaking device, (Vialmix®, 

Lantheus Medical Imaging) according to the manufacturer’s instructions, to produce a milky 

white suspension as shown in the right image in panel A. A 1 ml glass syringe equipped with a 

24 gauge needle was used to withdraw the suspension. According to the manufacturer, 1 ml of 

activated Definity® suspension contains 1.2 × 1010  lipid coated octafluoropropane bubbles and 

approximately 1.1 mg/ml of C3F8. Panel B and C shows a schematic representation of the 

ultrasound contrast agent and the molecular structures of the three lipids present. 
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Figure 3-1. Schematic representation of Definity® ultrasound contrast agent. Panel A shows 

the ultrasound contrast agent before agitation (left) and after mechanical agitation (right). 

The vial was activated by mechanical agitation for 45 seconds using a mechanical shaking 

device (Vialmix®, Lantheus Medical Imaging). The activated contrast agent contains 

bubbles of octafluoropropane gas and a shell consisting of a mixture of three lipids (panel 

B). The lipids are DPPA, DPPC, MPEG5000 DPPE (panel C) with the following empirical 

formulas C35H68O8PNa, C40H80NO8P, and C265H527NO123PNa and molecular weights of 

670, 734, and ~ 5750 Da. The large hydrocarbon groups contained within these lipids 

ensures that their solubility in water is low. 

3.3.2 Resonant Mass Measurement 

An Archimedes (Malvern Instruments, UK) was used to measure the size and buoyant mass of 

bubbles in the ultrasound contrast agent at room temperature. ParticleLab software (version 1.2) 

provided by Malvern was used to process all measurements in this study. RMM sensors were 

calibrated prior to measurement with a polystyrene standard containing spheres 508 ± 8 nm in 
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diameter (Thermo Fisher Scientific). Nano sensor chips with internal channels having a square 

cross section of 2 × 2 µm2 were used in all measurements. The threshold frequency change for 

identifying a particle was set to 0.025 Hz for bubble measurements, based on the observed 

baseline noise value at 0.15 Hz.  

3.3.3 Dynamic light scattering on samples under Pressure 

A Zetasizer Nano ZS (Malvern) was used with a purpose built apparatus for applying external 

pressure to a cuvette containing the sample during measurement. A schematic of the apparatus 

is shown in Figure 3-2. The pressure within a cuvette placed in the Zetasizer Nano ZS (Malvern) 

was modified by action of the plunger, which compresses the gas in the syringe (10 ml gas tight 

syringe equipped with purpose-built holder) and measured using a commercial pressure sensor 

(PE3004, IFM Efector). Polyetheretherketone (Peek) tubing (Chromalytic Technology PTY 

Ltd), was used to connect the syringe to the cuvette. Tubing with a narrow internal diameter 

(0.5 mm) was chosen to minimize the dead volume. The absolute pressure was controlled from 

1 atm up to 10 atm to enable size measurements under a larger pressure range during the 

pressurisation and depressurisations process. A cuvette with a 5-mm path length and 0.875-mL 

volume (23-5.45-Q-5, Starna cells, US) was placed in the Zetasizer during the measurement. 

This cell was glued inside a metal adaptor (FCA5, Starna cells, US) enabling it to withstand up 

to 10 atm of gauge pressure. A similar cell without the metal adaptor, withstood up to 6 

atmospheres of pressure before failing. Note, due care should be taken when dealing with 

vessels under pressure. The size of nanoparticle dispersions within the cuvette were determined 

at 25°C at both 1 atmosphere and elevated pressures. Henry’s law states that the solubility of 

gas is proportional to pressure, therefore one would expect that this leads to dissolution of gas 

from the head space above the cuvette. As this dissolution process is slow compared to the 

timescale of the measurements in this study, we believe it had no effect on our measurements. 
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Further, the pressure readings once adjusted were very stable, indicating that an insubstantial 

fraction of the gas in the headspace dissolved within the timescale of the measurement. 

For all dynamic light scattering measurements 13 runs of 10 s were performed to obtain a single 

particle size distribution on a sample in a cuvette with a 5 mm path length and 0.875 ml volume. 

Size measurements of nanoparticles in ultrasound contrast agent were commenced 15 min after 

activation. The measurements were made with automatic attenuation at a position of 4.65 mm 

from the cuvette wall and analysed using the Malvern Zetasizer software version 7.1.  

 

Figure 3-2. A schematic of the apparatus used for performing light scattering on samples 

under an applied external pressure. The cuvette was inserted inside the light scattering 

instrument during measurement and the pressure measured using a commercial pressure 

gauge. Pressure was applied to the cuvette by activating the plunger of the gas-tight syringe. 

A T-valve was used to select between the application and release of pressure.  

3.4 Results and Discussion 

The lifetime and bubble size of the activated ultrasound contrast agents were measured. It was 

reported by the manufacturer that this ultrasound contrast agent suspension can be used for up 

to 12 hours after activation, indicating that the dispersions are stable for at least this long.  The 

size of the nanoparticles was measured by light scattering over a period of 200 minutes as shown  
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Figure 3-3, with the diameter initially rising to nearly 1000 nm and then falling to ~ 800 nm. 

The cuvette containing the solution of interest was placed inside the instrument and left 

undisturbed during these measurements. The milky white appearance of the dispersions 

suggests that the multiple scattering could affect the reliability of the measurement. However, 

the automatically set measurement position was 4.65 mm from the cuvette wall. For highly 

concentrated samples the measurement position will be shifted closer to the wall (˂˂1 mm) to 

minimize multiple light scattering. This indicates that the concentration of nanoparticles 

(reported to be <1.2 x1010 particles ml-1) is not so high as to render the light scattering 

measurements unreliable. 

 

Figure 3-3. Panel A: Average diameter of nanoparticles in the ultrasound contrast agent as 

a function of time. The diameter initially increased, then decreased gradually with time. 

Each data point here is the average of three measurements. The error bars represent the 

maximum and minimum values.  Panel B: Contour plot of the corresponding Intensity 

weighted distributions over the same time (the colour scale is shown next to the figure, 

where the top corresponds to the highest intensity (i.e. peaks) and the bottom corresponds 

to the lowest intensity). For Data DOI:10.25911/5b9b54301e67f 
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3.4.1 Effect of external pressure  

As gas is highly compressible, bubbles respond to the application of an external pressure, 

whereas solid particles and liquid droplets, which are almost incompressible are unchanged at 

moderate pressures. In the case of a nanobubble without a shell, the change in radius, r, due to 

application of an external pressure, 𝑃𝑃𝑒𝑒𝑒𝑒𝑎𝑎, can be calculated using the Laplace pressure and 

assuming the gas behaves ideally, using equations 3.1 & 3.2. In this calculation, the number of 

moles of gas within a bubble, n, is calculated under an external pressure of 1 atmosphere and 

assumed to be unchanged with external pressure. The effect of external pressure on bubble 

radius requires an iterative calculation as the bubble radius impacts the Laplace pressure. The 

calculated effect of external pressure on the diameter of a bubble as a function of pressure is 

shown in Figure 3-4.  

 𝑃𝑃𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠 =  𝑃𝑃𝑒𝑒𝑒𝑒𝑎𝑎 +
2𝛾𝛾
𝑟𝑟

 (3.1) 

 

 𝑟𝑟3 =
3𝑛𝑛𝑅𝑅𝑅𝑅

4𝜋𝜋𝑃𝑃𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠
 3.2) 

 

Where, Ptotal, is the total pressure inside a spherical nanobubble and γ is the interfacial tension, 

R is the ideal gas constant (8.314 Pa m3 mol-1 K-1) and T is the temperature in Kelvin. 
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Figure 3-4. The calculated effect of external pressure (equations 3.1 & 3.2) on the diameter 

of a bubble without a shell, with an initial diameter of 1000 nm (blue) and 800 nm (red) as 

a function of external pressure, for nanobubble-solution interfacial tensions of γ = 0 mN m-

1, γ =25 mN m-1, (approximation of the air-water interface with liquid phase phospholipids 
173) , and  γ = 72 mN m-1 which is equivalent to the surface tension of pure water at 25˚C. 

For Data DOI: 10.25911/5b9b578b8040c 

In the case of an armoured nanobubble, the calculation in Figure 3-4 is invalid here because the 

shell is expected to provide an additional mechanical resistance to the reduction in size when 

external pressure is applied. Here we applied an external pressure to the dispersion of armoured 

nanobubbles and measured the change in size using light scattering. The dispersion was placed 

in a cuvette, which was connected to the pressure apparatus described above. The reduction in 

size for lipid coated nanobubbles was found to be more significant the higher the pressure (see 

Figure 3-5). 
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Figure 3-5. Experimentally measured effect of external pressure of 2.0 ± 0.1 atm, 3.0 ± 0.1 

atm, 4.0 ± 0.1 atm, and 5.0 ± 0.1 atm on the diameter of a nanoparticle dispersion containing 

lipid coated nanobubbles using dynamic light scattering. The average diameter  is shown as 

a function of the actual passage of time (panel A), and as a a function of the external pressure 

(panel B) on the horizental axis. The average particle diameter decreased as the external 

pressure increased, in line with expectations for a dispersion containing nanobubbles. Each 

data point here is the average of three measurements. The error bars represent the maximum 

and minimum. Note the change in average diameter is not attributed to the passage of time; 

cf with Figure 3-3.  

It is important to note that octafluoropropane condenses to a liquid at 298 K when an external 

pressure of  ≥ 8.7 atm is applied 174. Therefore the applied external pressure was limited to 5 

atm for the data presented in Figure 3-5 and in the cycling of the external pressure between 1 

atm and 5 atm, as shown in Figure 3-6. If a Laplace pressure is acting, it will be no more than 

1.5 atm, which means the total pressure within the bubbles is < 6.5 atm which ensures that the 

pressure is insufficient to condense the octafluoropropane in these experiments.  

Following the time sequence from left to right in Figure 3-6, the initial size (Marked A) was 

836 nm under normal atmospheric pressure. Upon increasing the external pressure to 5.0 ± 0.1 

atm (B) the mean size decreased to 787 nm. If these bubbles were uncoated, the size would be 
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expected to decrease to 574.5 nm for a surface tension of 25 mN m-1. The measured reduction 

in size is considerably smaller than what is expected for a naked nanobubble and substantially 

greater than expected for a solid or liquid particle. The smaller than expected reduction in size 

is attributed firstly to the presence of a significant number of particles (~ 40%, see Figure 3-9) 

in the dispersion that are not nanobubbles and therefore unaffected by pressure and secondly to 

the mechanical resistance of the lipid shell. As the lipids are highly insoluble in water, they are 

effectively trapped at the air-water interface and can therefore form a robust shell. Upon 

decompression to 1.0 atm, the z-average diameter increased to 921 nm, indicating an expansion 

of nanobubbles in response to the reduction of pressure (C). What is surprising is that the 

average size measured upon decompression initially exceeds the size before compression, 

before it decreases to 825 nm. Upon increasing the pressure to 5.0 ± 0.1 atm again, (D) the size 

decreases substantially to ~ 600 nm, which is substantially smaller than the size measured upon 

the initial application of 5.0 atm of pressure. Upon another decompression to 1 atm (E), the z-

average diameter again increases substantially before a reduction in size back to the levels 

before decompression. A further application of 5.0 ± 0.1 atm of pressure (F) sees a further 

reduction in size to ~ 400 nm which is unchanged with further cycles of pressure change (G, H, 

I).  In interpreting this data, it is important to remember that these measurements are the average 

diameter of a population of nanobubbles and non-buoyant nanoparticles as shown in Figure 3-9 

(see below). The non-buoyant particles are not gas filled and therefore it is expected that they 

do not respond in a measurable way to the changes in pressure, so their presence in the sample 

has the effect of reducing the average measured change in size with changes in pressure. 

In the initial pressure cycles a subpopulation of nanobubbles are responding to the pressure 

changes whilst the heavy particles are unaffected. Decompression is likely to damage the shells 

of some nanobubbles causing these nanobubbles to grow to a larger size before being quickly 

eliminated from the measured population – possibly by growing further and being removed by 
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buoyancy or by dissolution. Each cycle produces a reduction in the average size, suggesting 

that the shells of the larger nanobubbles are selectively more likely to suffer damage on 

decompression. This indicates that the shells of smaller bubbles are more robust. After several 

cycles of pressure changes no further changes in size were observed (see Figure 3-6; F, G, H, 

I), indicating that the shells of the remaining population of nanobubbles are sufficiently robust 

to resist any effect of external pressure or that no nanobubbles remain and the particles being 

measured are nanoparticles not nanobubbles, as indicated in the resonant mass measurement 

(see Figure 3-10). These effects were reproducible in different samples of the same vials and 

from different vials (see Appendix, §A.2). 

It is notable that when the pressure is released the size of the particles is initially greater than 

the initial size as indicated by the first data points at (C) and (E) in Figure 3-6 which are greater 

than the data at (A). A possible explanation is that when the pressure is released the expansion 

of the bubble results in damage to the lipid shell. These bubbles are then free to grow if the 

solution is supersaturated to a size where they are sufficiently buoyant to be removed from 

solution. This process happened relatively fast (< 2 minutes) as it was only observed in the first 

measurement after decompression (see C and E).   
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Figure 3-6. Experimentally measured effect of pressure cycling between an external 

pressure of 1.0 atm and 5.0 ± 0.1 atm on the diameter of a nanoparticle dispersion containing 

lipid coated nanobubbles using dynamic light scattering. The red points and the blue points 

represent the z-average diameter at 1.0 atmosphere and 5.0 atmospheres of pressure 

respectively. Each data presented in this figure is a single measurement. Each point 

represents a single measurement as the change in size was relatively fast when 

depressurizing the sample. The error bars shown are for 1 standard deviation calculated 

from the average of the relative standard deviation of all the data shown in Figure 3-3A.   

For Data DOI: 10.25911/5b9b5ba064e36 
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3.4.2 Pressure induced Condensation 

Perfluoropropane will condense when a total pressure of 7 atmospheres is applied at T= 290.5 

Kelvin. Therefore, when sufficient external pressure is applied, it is expected that the contents 

of the nanobubbles will condense into a liquid, resulting in a step change in size. To examine 

this, we applied an external pressure of 7.0 ± 0.1 atmospheres to a sample at 298 K and 

monitored the number average size as the temperature was decreased. The data is shown in 

Figure 3-7A. There was an initial significant reduction in size from 856 nm to 640 nm upon 

application of 7.0 ± 0.1 atm of pressure at 298 K (not shown in the plot). Then, the size was 

initially stable with decreasing temperature down to 290 K. Then the average size decreased 

between 288 K and 284 K, which was attributed to condensation of Perfluoropropane.  

To understand the behaviour of these encapsulated gas bubbles the phase diagram of 

Perfluoropropane (C3F8) as reported by Brown 174 is shown in Figure 3-7B. Based on Figure 

3-7B, the gas should have condensed at 290.5 K when the total pressure is 7.0 atm. (vertical 

black line). However, the size data indicates that condensation did not occur until the 

temperature dropped below 288 K. This is attributed to the shell of the ultrasound contrast agent 

effectively reducing the pressure on the gas within the bubble. The observed transition in size 

occurred between 290 K and 286 K, which corresponds to condensation in the phase diagram 

at pressures of 6.9 - 6.2 atm indicating that the lipid shells were able to withstand between 0.1 

and 0.8 atm of pressure. This can be seen as an effective negative Laplace pressure.  
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Figure 3-7. Panel A: Average diameter of the particles in the ultrasound contrast agent 

measured as the temperature was reduced from 298K to 284K under an applied pressure of 

7.0 ± 0.1 atmospheres. Each data point here is the average of three measurement. The error 

bars represent the maximum and minimum values. Panel B: The phase diagram for 

Perfluoropropane gas C3F8, with the same data as panel A shown. The vertical line 

represents the expected condensation temperature at the applied pressure, based on the 

phase diagram for bulk perfluoropropane 174, whereas the non-filled and red circles 

highlight those measurements that show a substantially smaller size. The data points are 

coloured to aid in comparison between Panel A and Panel B. For Data DOI: 

10.25911/5b9b5c93b96e7 
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The properties of lipid coated microbubbles under pressure was studied by Mountford et al.175 

They investigated the pressure required to condense aqueous suspensions of lipid-coated gas-

filled microbubbles containing perfluorobutane gas and observed that the vapour to liquid 

transition in a bubble was shifted to higher pressures by up to 1.4 atm compared to the bulk 

phase. They concluded that the lipid shell provided mechanical resistance under compression. 

The extra pressure required in our experiments to induce a phase change is consistent with these 

findings.  

It is well known that the surface energy of the air-water interface can be reduced by the addition 

of lipids to the interface and that for insoluble lipids the surface energy can be further reduced 

by compression of the interface as occurs on a Langmuir trough. As the lipids are insoluble they 

remain at the air-water interface and the area occupied by each lipid molecule is reduced when 

the area of the surface is reduced. The effect on the interfacial tension can be measured using a 

Langmuir trough and is usually presented as a surface pressure (Π)-Area isotherm. This can be 

converted to the lipid-vapour interfacial tension-Area isotherm by the expression 

 
γlv = γ0lv-Π (3.3) 

where Π is the surface pressure and γlv is the interfacial energy of the lipid coated water-vapour 

interface and γ0lv is the interfacial energy of the pure water-vapour interface. For DPPC we have 

taken the data from 176, and calculated the lipid water interfacial tension as a function of area 

per molecule (see Figure 3-8). Note the interfacial energy at very high compression is not 

available as this technique is incapable of measuring negative surface energies. The evidence 

above suggests that the reduction in area of the interface of a shrinking bubble can compress 

the lipids on the surface sufficiently to generate a negative surface tension, this would occur 

when the area per molecule drops below 40 Å2.  In order to produce a negative Laplace pressure 
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of up to 0.8 atm the negative surface tension may be as large as 0.015 N m-2.  This could also 

occur in oil-in-water emulsion systems for oil droplets coated with water insoluble surfactants, 

thereby reducing the rate of Ostwald ripening. It is worth noting that at high values of Π, 

monomolecular lipid layers can buckle or fail. If this failure is defect induced, it may be 

dramatically reduced on the surface of a nanobubble due to the very small surface area (~ 1.0 x 

10-12 m2), allowing substantially higher surface pressures to be obtained on a nanobubble 

interface than are accessible on a Langmuir trough.  

 

Figure 3-8. Liquid-Vapour interfacial energy, γlv, versus area per molecule for DPPC 

calculated using equation 3.3 and surface pressure values from176. The arrow here indicates 

the influence that further compression of the molecules by either application of an external 

pressure or loss of gas from the nanobubble would have on the area per molecule of the 

lipid at the interface in the absence of buckling of the interfacial film. It can be seen that the 

interfacial tension effectively becomes negative when the area per molecule is reduced 

below ~40 Å2. For Data DOI: 10.25911/5b9b5d3cbe522 
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3.4.3 Resonant Mass measurements 

The size of the bubbles in the ultrasound contrast agent were measured and characterized using 

resonant mass measurement. Due to the high concentration of bubbles it was necessary to dilute 

the sample by a factor of 50 to allow single particles to be registered as they passed through the 

microfluidic channel. This prevents miscounting two individual particles as a single particle. 

Dilution was made with water. The population of positively buoyant nanoparticles was 

measured at a concentration of 8.79 × 107 particles/ml (see Figure 3-9) in the diluted sample, 

this corresponds to an undiluted bubble concentration of 4.4 x 109 particles/ml. The average 

buoyant mass for these bubbles was 23.7 ± 1.6 fg. These bubbles have a broad distribution as 

shown in the inset figure. A significant population of negatively buoyant particles (which are 

denser than water and therefore not bubbles) were detected in the same sample (see Figure 3-9). 

The mean buoyant mass for these particles was -1.9 ± 0.1 fg. The concentration of non-buoyant 

particles was 5.28 × 107 particles/ml. These negatively buoyant particles have been attributed 

to lipid structures 115,177. It is worth noting that dilution has a significant impact on bubble 

stability, this may in part be due to a reduction in ionic strength and a corresponding increase 

in lipid solubility leading to a reduction in the stability of the lipid shell. It was observed that 

the concentration of diluted bubbles decreases significantly over time. The concentration of 

diluted bubbles after 120 minutes was measured to be less than 4 % of the original population 

at the beginning (see Figure 3-10). On the contrary, heavy particles were found to be stable and 

at least 60 % of their population lasted for 120 minutes. The resonant mass measurement 

technique can distinguish between buoyant and non-buoyant populations of particles enabling 

them to be investigated separately, whereas the light scattering measurements made with the 

zetasizer reported above include all of the particles present. 
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Figure 3-9. Representative size distributions using the resonant mass measurement method 

for positively buoyant particles (red, RHS) and negatively buoyant particles (blue, LHS) in 

the ultrasound contrast agent diluted 50 times with filtered water. The whole distribution 

for the positively buoyant bubbles is shown in the inset using the same units but the abscissa 

axis is presented using a log scale. A total of 1158 buoyant particles and 696 negatively 

buoyant particles were measured over 20 minutes. The grey shaded region indicates a region 

in which particles cannot be measured due to the limit of sensitivity of the instrument. For 

data DOI: 10.25911/5b9b5de680dd5 
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Figure 3-10. A histogram showing the particle concentration measured using the 

Archimedes for positively buoyant bubbles (left) and negatively buoyant particles (right) 

initially and after 120 minutes have elapsed. The concentration of bubbles dropped 

significantly from 1.67 x 108 particles/ml to 0.06 x 108 particles/ml. The negatively buoyant 

particles decreased far less from 0.87 x 108 particles/ml to 0.62 x 108 particles/ml. A total 

of 1000 buoyant particles and 516 negatively buoyant particles were measured over 10 

minutes for the initial measurement, and a total of 40 buoyant particles and 414 negatively 

particles were detected after 120 minutes had elapsed. For data DOI: 

10.25911/5b9b5e70bad30 

3.4.4 Measuring the density of nanoparticles  

Several groups have reported density determinations using RMM on cells, proteins, standard 

particles, and silicon oil droplets 158,162,178. In this approach the mean buoyant mass is measured 

in solvents of different density. Interpolation or extrapolation of the data to zero buoyant mass 

yields the particle density, as shown in Figure 3-11. At zero buoyant mass the density of the 

particle is equivalent to the density of the solvent.  
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Figure 3-11. The density of suspended particles can be determined from the mean buoyant 

mass mb for dispersed particles that are measured in at least 2 fluids of different densities 

(ρf1, ρf2). Extrapolating or interpolating a line that passes through the experimental 

measurements {(ρf1, mb1) and (ρf2, mb2)}, to zero buoyant mass enables the mean density of 

the particles to be determined. 

The density of 508 ± 8 nm polystyrene latex particles of known density was measured in order 

to check the accuracy of this method. The buoyant mass of latex nanoparticles was measured 

in aqueous solutions in which the ratio of H2O to D2O was varied in order to vary the density 

of the solvent whilst minimizing changes to the chemical nature of the solvent. Extrapolating 

the mean buoyant mass for these particles to zero buoyancy as shown in Figure 3-12 yielded a 

density of 1.052 ± 0.006 g/cm3, which is equivalent to the expected value3 of 1.055 g/cm3. 

                                                 
3 https://www.thermofisher.com/au/en/home/life-science/cell-analysis/qdots-microspheres-nanospheres/idc-
surfactant-free-latex-beads/latex-bead-technical-overview.html 

https://www.thermofisher.com/au/en/home/life-science/cell-analysis/qdots-microspheres-nanospheres/idc-surfactant-free-latex-beads/latex-bead-technical-overview.html
https://www.thermofisher.com/au/en/home/life-science/cell-analysis/qdots-microspheres-nanospheres/idc-surfactant-free-latex-beads/latex-bead-technical-overview.html
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Figure 3-12. The density of 508 ± 8 nm polystyrene latex particles was determined from the 

x-intercept using regression analysis. Here the density of the particle is equivalent to the 

density of the solvent when the buoyant mass of a particle is zero. The density of the 

polystyrene particles was determined to be 1.052 ± 0.006 g/cm3, which is in agreement with 

the expected value. The stated error represents the 95% confidence interval. The method 

for determining the error is provided in Appendix, §A.3 

This approach is suitable only when the entire particle size range is within the detection limits 

of the instrument. Polydisperse samples with particles around the sensitivity limit of the 

instrument require a different approach, as the sensitivity limit of the instrument is dependent 

upon both the solvent and particle density. The effect of solvent density on the sensitivity limit 

can be obtained using equation 2.7 with the minimum detectable buoyant mass. The 

corresponding particle diameter can then be obtained using equation 2.8.  Combining these 

equations yields an expression for the size of the smallest detectable particle, dmin,  

 

 𝑑𝑑𝑎𝑎𝑖𝑖𝑚𝑚 =  �
6𝐿𝐿𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠

𝜋𝜋�𝜌𝜌𝑝𝑝 − 𝜌𝜌𝑓𝑓�
3  (3.4) 

 



88 

The lower limit of mass detection, Lmass, for the nanosensors we are using is typically 350 

attograms. The effect of solvent density on the minimum particle size that can be detected in 

shown in Figure 3-13 for particles with densities corresponding to nanobubbles, polystyrene 

latex and silica. 

 

Figure 3-13. The effect of fluid density on the size of the smallest detectable particle that 

can be measured with an Archimedes using a typical Nano sensor for; nanobubbles (red 

line, ρp = 0.001 g/cm3), polystyrene latex (dashed black line, ρp = 1.05 g/cm3), and silica 

nanoparticles (dashed blue line, ρp = 2.0 g/cm3). 

It is necessary to adopt an approach that limits the particle distribution used in the calculation 

of the buoyant mass to a distribution that is within the detection limits of the instrument. As the 

sensitivity is dependent on the relative density of the particle and the solvent, the sensitivity 

limit and therefore the range of particle sizes that are measured changes with the density of the 

solvent. For buoyant particles, a solvent with a higher density will push the sensitivity limit to 

a lower range when compared to a solvent of lower density. This could potentially lead to a 

different population of particles being measured in different solvents.  Patel et al.162 recognized 

this and employed a restricted range of particles for determination of the particle density. This 

restricted range was chosen based on an iterative calculation in which an estimate of the density 
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was used to determine which particles were within the appropriate size range and the 

corresponding mean buoyant mass of these particles was used to revise the particle density until 

the density converged 162. This technique required an iterative calculation to select the buoyant 

mass range and particle density. This is relevant to the determination of the density of 

nanoparticles in ultrasound contrast agent sample as the particle distribution extends below the 

sensitivity limit of the instrument. This is shown in Figure 3-9, where it can be seen that the 

sensitivity limit for the nanoparticles truncates the distribution.  

Using this approach to determine the range of particles included in the analysis, the mean 

buoyant mass of nanoparticles was measured in five different solutions with different ratios of 

H2O and D2O, to produce solvents of different density. A straight line was fit to the data plotted 

as the buoyant mass versus the fluid density and the density of the particles was obtained from 

the x-intercept, as shown in Figure 3-11. The analysis technique was tested using polystyrene 

latex nanoparticles and the determined density was found to agree with the expected value and 

the value obtained in Figure 3-12 (see Figure 3-14). This method was then applied to determine 

the density of nanoparticles in the ultrasound contrast agents. However, there were large errors 

in these measurements and the data was unreliable. This was evident, as data points measured 

in different ratios of H2O and D2O when plotted as mean buoyant mass versus solvent density 

did not sit on a straight line (see Figure 3-15), despite several attempts using different 

approaches to address perceived issues. We can speculate as to why these measurements were 

not reliable. For these measurements to be reliable it is essential that the measurements are 

made on an equivalent population of particles in each solvent.  The data suggests that this was 

not the case. This could be because: i) Some of the particles that were excluded because they 

were negatively buoyant in water became positively buoyant in the denser solutions and were 

therefore counted, ii) The presence of large particles and bubbles in the sample could influence 

the access of smaller particles to the sensor, particularly if these particles lodge in the entrance 
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to the microfluidic channel 179 and iii)  the short stability of bubbles in the diluted suspensions 

led to significant changes in the population of nanobubbles on the timescale of the 

measurement.  

 

Figure 3-14. Density determination of 508 ± 8 nm polystyrene latex particles using 

regression analysis based on mean buoyant masses using an iterative calculation. 

Extrapolating the mean buoyant mass for these particles to zero buoyancy yielded a density 

of 1.052 ± 0.003 g/cm3, which is in agreement with the result from the simple method given 

in Figure 3-12 and the expected density of the polystyrene particles.  
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Figure 3-15. Density determination of nanoparticles in an ultrasound contrast agent sample. 

Here the uncertainty in the determined density was found to be large (i.e. 55% of the 

determined value), where the density and its corresponding error are 0.89 ± 0.5 g/cm3.  

3.5 Summary  

The work presented here shows that pressure studies used to evaluate candidate nanobubbles 

can be extended to include nanobubbles that are armoured with a shell of surface active 

material. The pressure results presented here are in agreement with previous work showing that 

armoured gas bubbles in the size range of 200 to 1500 nm expanded when put under negative 

pressure and contracted when the pressure was raised to 1 atmospheric pressure112. The 

evidence from the pressure studies performed here and in other work175 demonstrates that 

ultrasound contrast agents that utilize armoured bubbles are indeed bubbles and these bubbles 

are stable for long periods, even when the bubbles are in the nanosize (< 1 µm) range. The 

pressure studies demonstrate that the lipid shell contributes to the stability of the nanobubbles 

by negating the Laplace pressure and providing a mechanical resistance to shrinkage. This 

mechanical resistance is evidenced by the higher pressure required to condense the gas within 
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a bubble compared to a bulk phase. Moreover the lipid shell likely inhibits the transport of gas 

across the interface175. This has implications for all studies of nanobubbles in bulk as it suggests 

that the state of the interface plays a major role in the stability. This explanation is consistent 

with the idea proposed by Ducker 68 to explain the stability of surface nanobubbles. In his 

model, contaminants that have accumulated at the air-water interface become sufficiently 

concentrated that upon compression the interfacial energy drops rapidly, leading to the situation 

where a reduction in interfacial area can lead to an increase in free energy – an effective negative 

surface tension. The implication is that the purity of water used for the generation of 

nanobubbles and the introduction of impurities from the generation process can potentially play 

a significant role in the stability of any nanobubbles produced, not just those prepared using 

lipid solutions. The long-term stability of armoured nanobubbles has implications beyond those 

in the immediate field. Yount et al.112,180 have pointed out that such nanobubbles may be formed 

in low numbers even in highly purified water and are likely responsible for the cavitation of 

water well below that expected for homogenous nucleation based on the tensile strength of 

water 181. Furthermore, armoured nanobubbles are likely the nuclei for growth of bubbles in 

supersaturated solutions. Thus armoured nanobubbles may be implicated in the cavitation of 

water columns in the xylem of plants 32 and in the formation of bubbles that cause 

decompression sickness182,183.   

3.6 Synopsis 

New approaches were developed to test whether candidate nanoparticles are gas-filled 

nanobubbles. Here, resonant mass measurements were employed to assess the density of 

candidate nanoparticles and dynamic light scattering was used to size candidate nanoparticles 

under the influence of external pressure.  
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The resonant mass measurement showed that the population of the commercial ultrasound 

contrast agent contains ~ 60 % bubbles and ~ 40 % denser particles. Further, the RMM was 

implemented here to determine the mean density of nanoparticles, and was found to be accurate 

for standard polystyrene nanoparticles. However, the short stability of the diluted nanobubbles 

and the presence of larger particles in the sample affected their determined density, and a 

reliable measurement could not be determined.  

The size of nanobubbles was shown to decrease under elevated pressure. This is clear evidence 

that the nanobubbles are gas filled. The pressure response is complex due to the mechanical 

properties of the shell and the damage the shell sustains upon decompression. The shell was 

found to reduce the transmission of external pressure to the gas within the nanobubbles by up 

to 0.8 atm., as evidenced by condensation studies. Furthermore, a mechanism was proposed by 

which bulk nanobubbles can be made stable. Compression of insoluble material at the interface 

leads to an effective negative surface tension and elimination of the Laplace pressure, thereby 

removing the driving force for dissolution of gas within a nanobubble. This work has 

implications for all studies of bulk nanobubbles, as it demonstrates that the change in average 

size of a nanoparticle dispersion under pressure can be used to test whether the nanoparticles 

are nanobubbles even for armoured nanobubbles and that contamination either from the solvent 

or from apparatus can play a significant role in stabilizing bulk nanobubbles. 
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Chapter 4 Investigating the Existence of Long 

Lived Bulk Nanobubbles in Commercial 

Nanobubble Generators  

This chapter is reproduced with minor changes from:  

M. Alheshibri, V.S.J. Craig, Differentiating Between Nanoparticles and Nanobubbles by 

Evaluation of the Compressibility and Density of Nanoparticles, J. Phys. Chem. C. 122 (2018) 

21998–22007. doi:10.1021/acs.jpcc.8b07174. 

4.1 Introduction 

There are a growing number of reports in the literature of techniques to produce swarms of 

long-lived nanosized bubbles. A number of these works have reported the existence of long-

lived nanobubbles that have been generated by mechanical means. Exceptional amongst these 

reports is that of Ohgaki et al. who described bulk nanobubbles produced at high concentrations 

consisting of nitrogen, methane, and argon gas with an average radius of 50 nm, that were stable 

for two weeks 48. In other work, Ushikubo et al.49 reported that air nanobubbles and oxygen 

nanobubbles could be made stable for 1 hour and 15 days respectively. Oh et al. 92 described a 

method to produce bulk nanobubbles by mixing CO2 gas and water. In this study, they adapted 

a technique that was used previously on surface nanobubles66 to investigate the identity of the 

generated objects. The infrared spectra shows the fine rotational structure characteristic of CO2 

molecules indicating the observed objects are gaseous. However, it was not clear if the spectra 
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originated from nanobubbles as opposed to larger bubbles or surface nanobubbles. The 

production of bulk nanobubbles by pressure cycling has also been reported 50,102. The resonant 

mass method showed that the particles produced by this method were less dense than water, 

supporting the assertion that they are gas filled nanobubbles 51.  

The experiments presented in this chapter are designed to test whether nanoparticles generated 

by mechanical means are gas filled nanobubbles. Two different devices designed to generate 

bulk nanobubble solutions by mechanical means are used. Details of thesis devices and all the 

related experimental methods are reported in §4.2. The candidate nanobubble dispersions were 

characterized using NTA, DLS, and RMM. Further, the protocols developed in chapter 3 were 

applied to nanoparticle samples to test whether these nanoparticles are gas-filled nanobubbles. 

The rest of the chapter describes the main results and discusses the implications of this work.  

4.2 Materials and Methods 

High grade purified water (ELGA purelab Chorus 3 system with resistivity 18.2 MΩ) was used 

for all investigations. D2O was purchased from Sigma-Aldrich (Aldrich, 99.9 atom % D). D2O 

was filtered through a 20 nm filter (0.02 μm Whatman Anotop 10 inorganic with an Al2O3 

membrane) before use. Prior to use, 10 ml of pure water was passed through the filters to remove 

any particles from the filter. All glassware was cleaned by soaking in 10 % NaOH for 10 

minutes and rinsed copiously with purified water, before being used. 

4.2.1 Dissolved oxygen measurement 

Dissolved oxygen was measured using an oxygen micro meter (AMT Analysenmesstechnik 

GmbH, Rostock, Germany) that uses a galvanic dissolved oxygen sensor. The sensor is 
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composed of three electrodes that are submerged in an electrolyte solution. The sensor 

electrolyte is separated from the sample by a membrane that is permeable to gasses, whereas 

liquids, solids and ions are not accessible to the sensor electrolyte. Further, the electrodes are 

designed in such a manner that they are not polarized by an external voltage as it is used for 

polarographic sensors184, but on the contrary they are self-polarized when they are immersed in 

the solution, leading to more stability and less drift. During dissolved oxygen measurement, the 

oxygen diffuses to the electrode where it is reduced causing a current to flow that is dependent 

on the oxygen concentration in the sample. The measured current is converted into a voltage in 

the range of 0-1500 mV by electronics integrated into the device, and then displayed on the 

panel meter as a concentration with a response time in the millisecond range.  

4.2.2 Surface Tension measurements 

The surface tension measurements were carried out at room temperature using a contact angle 

goniometer (CAM200, KSV, Helsinki, Finland). A 1 ml syringe (Hamilton glass syringe, 

Hamilton Co, USA) equipped with a 24-gauge needle was used to create a suspended droplet 

in the air. The surface tension at the liquid-air interface was determined using a pendant drop 

method by fitting the droplet shape with the Young-Laplace equation.  

4.2.3 Bubble Generators 

Commercial equipment for the generation of bulk nanobubbles often employs a geometry 

designed to entrain gas and cause flow driven pressure changes. The flowing solution is subject 

to oscillations in pressure, to firstly increase the solubility of the gas (high pressure) and 

subsequently nucleate bubbles (low pressure). In this study two different generators that employ 

this principal were used. The small-scale generator (SSG) (MA5S, HACK UFB, Japan) 
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typically produces 200 mls of solution per batch whilst the large-scale generator (LSG) 

(Ultrafine GALF, IDEC, Japan) produces 20 litres of solution per batch.  

After passing through the generator the solution was filtered using syringe filters of 450 nm 

pore size (0.45 μm KX glass syringe filters, Kinesis) to eliminate any larger bubbles or particles. 

This is necessary as this removes larger particles or bubbles that may interfere with subsequent 

measurements. The filtered solution was transferred to a sealed flask prior to characterization. 

Measurements were commenced within 15 minutes of generation. 

4.2.4 Nanoparticle Tracking Analysis 

A NanoSight (NS300, Malvern) was used to measure the size and determine the concentration 

of nanoparticles in solution. Nanosight software (version V3.1) was used to process all 

measurements. All measurements were conducted at 25°C using a blue laser light source (70 

mW, λ = 405 nm). The sample was inserted into the NanoSight using a syringe pump (flow rate 

set to 30 in arbitrary units). Each measurement reported here is the average of five 

measurements, each captured over 60 seconds at 25 frames/s. The parameters used were camera 

level = 14, threshold = 3, gain = 366, and the viscosity for water at 25°C, 0.888 cP.  

4.2.5 Resonant Mass Measurement 

An Archimedes (Malvern Instruments) was used to measure the size and buoyant mass of 

nanoparticles in solution. ParticleLab software (version 1.2) provided by Malvern was used to 

process all measurements. Standard spherical particles of polystyrene with a diameter of 508 ± 

8 nm purchased from Thermo Fisher Scientific were used to calibrate the RMM sensors prior 

to measurement. For all the work described here, Nano sensor chips with internal channels 

having a square cross section of 2 × 2 µm2 were used. All measurements were performed at 
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room temperature. Data was acquired for 1 hour or until 300 particles had been measured, as 

recommended by the manufacturer. The detection threshold was set to be 0.009 Hz.  

4.2.6 Dynamic light Scattering 

A Zetasizer Nano ZS (Malvern) employing a 633-nm He-Ne laser at a scattering angle of 173°, 

was used to measure the size of particles in solution by dynamic light scattering. The 

measurements were made with automatic attenuation at a position of 4.65 mm from the cuvette 

wall and analyzed using the Malvern Zetasizer software version 7.1. For all measurements, 13 

runs of 10 s were performed with at least 5 repetitions to obtain the particle size distribution. 

4.3 Results and Discussion 

4.3.1 The production and stability of nanoparticles 

During operation the nanobubble generators create a large number of micron-sized bubbles, 

which leave the solution over a few minutes due to buoyancy, leaving a solution containing 

nanoparticles, generally thought to be nanobubbles. Thus, immediately after the production 

step, the solution appears milky, due to the high concentration of visible bubbles, but becomes 

clear after several minutes as the larger visible bubbles rise out of solution (see Figure 4-1).  
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Figure 4-1. Time-sequence images of water treated with the small-scale generator (SSG). 

Immediately after production, numerous bubbles are present in solution, causing the 

solution to look cloudy. Because of buoyancy, the larger bubbles rise to the surface and 

burst, hence the appearance of the solution changes from cloudy to transparent within 

minutes. Note, some visible bubbles remain attached to the glass wall of the flask.  

When the nanobubble generators are operating, the fluid is re-circulated within the generator 

and therefore subject to many cycles of treatment. The dissolved oxygen concentration was 

measured before treatment at 25 ˚C, as [O2]=8.50 mg/l. For water treated with the SSG 

generator for 30 minutes, a similar oxygen saturation was measured ([O2] = 8.25 mg/l), noting 

that the solution becomes warm during operation of the SSG (e.g. T= 28-30 ˚C). The dissolved 

oxygen concentration for water treated with the LSG generator for 30 minutes was measured 

as [O2] = 10.50 mg/l, which indicates an increase in the saturation level. The saturation levels 

of dissolved nitrogen are expected to mimic those of dissolved oxygen. 

Treatment with the generators caused a small reduction in the surface tension of solution.  After 

treatment for 30 minutes, the surface tension was measured to be 65.7 ± 2.0 mN m-1 and 68.6 

± 1.5 mN m-1 for the SSG and the large-scale generator (LSG) treated samples respectively, 

using water with an initial surface tension of 69.4 ± 0.8 mN m-1 (all measured at 20 ˚C). This 

indicates that a small level of surface-active contamination is introduced during the treatment 

process.   
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The effect of treatment time on the concentration and size of generated nanoparticles was 

measured by nanoparticle tracking analysis (NTA). Panels A and B in Figure 4-2 show the size 

distribution and concentration of particles as a function of generating time for SSG 

nanoparticles. The concentration of SSG nanoparticles increased from 410.0 ± 11.5 × 106 

particles/ml after 5 minutes of generating time to 698.0 ± 12.3 × 106 particles/ml after 45 

minutes of generating time. The modal size was initially at 86.7 ± 3.4 nm and increased to 117.0 

± 5.6 nm after 45 minutes of generating time. Panels C and D show the size distribution and 

concentration of particles as a function of generating time for LSG nanoparticles. The 

concentration for LSG particles increased from 509.0 ± 11.5 × 106 particles/ml after 5 minutes 

of generation time to 774.0 ± 20.9 × 106 after 45 minutes of generation time. Unlike SSG 

nanoparticles, the modal size for LSG generated nanoparticles was unaffected by the generation 

time. In all subsequent measurements, the generation time for SSG and LSG nanoparticles was 

between 20 to 30 minutes.  The concentration of particles in untreated solution was measured 

to be less than 1 % of the particle concentration following treatment with the generators (see 

Figure 4-3).  
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Figure 4-2. Influence of generating time on size and concentration of nanoparticles 

generated using the SSG (Panels A and B) and LSG (Panels C and D), measured using 

nanoparticle tracking analysis (NTA, Nanosight 300). The concentration of particles 

increased with increasing generation time in both samples. For Data DOI: 

10.25911/5cd4cff51a5a5 
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Figure 4-3. Histogram showing the particle size distribution using a bin width of 1 nm 

obtained using NTA (Nanosight NS300) for nanoparticles produced by the LSG generator 

(red line) and the SSG generator (dashed blue line) after filtering them through a 450 nm 

filter. The concentration of SSG nanoparticles was 348.0 ± 8.7 × 106 particles/ml. The 

concentration of LSG nanoparticles was 509.0 ± 10.2 × 106 particles/ml. The modal size 

was 98.7 ± 5.0 nm (SSG), and 73.5 ± 3.5 nm (LSG). This demonstrates that most of these 

particles were generated only after passing the water through the generators as the 

concentration of water (inset figure) was near the lower limit of the range of the apparatus. 

Note the axes titles for the inset figure are the same as the larger figure but the vertical scale 

is expanded 100 times. For Data DOI: 10.25911/5cd4d51053425 
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Given the expected instability of nanobubbles, it was important to determine the lifetime of any 

nanoparticles produced by the nanobubble generators. Note that the stability of nanoparticles 

or nanobubbles on the order of 15 minutes or less could not be investigated, because several 

minutes are required for the larger bubbles to leave the solution and the measurements 

themselves take several minutes or more to make. The long-term stability of the nanoparticles 

produced by the nanobubble generators was examined using light scattering. The size of the 

nanoparticles was tracked as a function of time and found to be stable for at least 7 hours as 

shown in panels A and B in Figure 4-4. The cuvette containing the solution of interest was 

placed inside the instrument and left undisturbed during these measurements. The formation of 

bubbles on the surface of the cuvette prevented measurements made in this manner proceeding 

over a longer period of time.  

 

Figure 4-4. Average diameter of nanoparticles generated using SSG generator (panel A) 

and LSG generator (panel B) measured using light scattering over 7 hours. The error bars 

here represent the standard deviation for 10 measurements. For Data DOI: 

10.25911/5cd4d75d0cbe1 
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To evaluate the stability of nanoparticles for longer periods NTA was used. A sample was 

generated at time zero and stored in a gas tight syringe. Aliquots of this sample were measured 

over a period of up to 9 days. As shown in panels A and B in Figure 4-5, the concentration of 

generated nanoparticles decreased slowly over time and the modal size increased slightly. The 

particles produced by the SSG generator were stable for approximately four days (see Figure 

4-5A), while LSG nanoparticles were still present after 9 days (see Figure 4-5B). 

 

Figure 4-5. Histogram showing the particle concentration with a bin width of 1 nm 

measured using the Nanosight over 4 days for SSG nanoparticles and 9 days for LSG 

nanoparticles.  For the LSG sample the concentration decreased significantly within 1 day, 

and then moderately until the ninth day (panel B). Note the concentration scale on these two 

figures is not the same. For Data DOI: 10.25911/5cd4d9ed2cb74 

4.3.2 Measuring the density of nanoparticles  

As nanoparticle tracking has the limitation of being unable to distinguish between nanoparticles 

that consist of solid, liquid or gas, a technique for differentiating nanobubbles from other 

nanoparticles was sought. The resonant mass measurement (RMM) technique employed by the 

Archimedes instrument can distinguish positively buoyant particles from negatively buoyant 
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particles, from the sign of the change in frequency that occurs when a nanoparticle passes 

through the sensor. The Archimedes was not able to detect a sufficient number of nanoparticles 

in the LSG sample due to their small size – that is most of the particles were too small to be 

detected.  However, a significant number of nanoparticles that were less dense than water was 

observed in SSG samples. Therefore, RMM measurements in this study were only applied to 

SSG nanoparticles. The Archimedes revealed a population of buoyant nanoparticles with a 

concentration of 4.0 × 106 particles/ml (see Figure 4-6) and negatively buoyant nanoparticles 

with a concentration of 4.6 × 105 particles/ml. The mean buoyant mass for the detected buoyant 

particles was ~1.9 fg. These results show that the observed particles are indeed less dense than 

water as would be expected for a gas, but light oils also have a density less than water and 

therefore this is not definitive evidence that the nanoparticles being measured are nanobubbles. 

An accurate measure of the density would enable nanodroplets of light oils and indeed solid 

nanoparticles to be differentiated from nanobubbles.  

 

Figure 4-6. Representative buoyant mass histogram measured using the resonant mass 

measurement method for positively buoyant particles in the SSG sample with water as the 

solvent. Buoyant particles with a buoyant mass less than 0.45 fg were not able to be detected 

due to the limit of sensitivity of the instrument. This is indicated by the shaded grey region. 

For Data DOI: 10.25911/5cd5122333956 
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In the previous chapter, the RMM was used to determine the density of nanoparticles158,162,178 

(see §3.4.4). Here, the buoyant mass distribution is around the sensitivity limit (Figure 4-6). 

Therefore, the particle density was determined using the adapted iterative approach162 

(discussed in §3.4.4) in which a subset of the histogram was selected based on the estimate of 

the particle density and the known fluid density. This subset was used to determine the mean 

buoyant mass in each solvent, which was used to calculate an improved estimate of the particle 

density, until the estimate and resulting particle density agreed.  

Application of the RMM technique as described in §3.4.4 yields the mean density of a 

nanoparticle dispersion.  If the dispersion consists of nanoparticles of different materials with 

overlapping sizes the technique will give the population weighted mean density. Therefore 

measurement on a mixture of buoyant and non-buoyant particles requires that the positively 

buoyant particles are treated separately. This is straightforward using the Archimedes software.  

The mean buoyant mass of SSG nanoparticles was measured in five different solutions with 

different ratios of H2O and D2O to produce solvents of different density. For each measurement, 

the particle concentration range was between 5 × 106 and 1 × 107 particles/ml. A straight line 

was fit to the data plotted as the buoyant mass versus the fluid density and the density of the 

particles was obtained from the x-intercept. The mean particle density was determined to be 

0.95 ± 0.07 g/cm3, (see Figure 4-7). The reported error corresponds to the 95 % confidence 

level (The method for determining the error is provided in Appendix, §A.3). The measured 

density is too high for the nanoparticles to consist of gas, indicating that the nanoparticles 

generated using the SSG technique are not nanobubbles.  
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Figure 4-7. The mean density of SSG nanoparticles was determined from the x-intercept 

using regression analysis. Here the density of the particle is equivalent to the density of the 

solvent when the buoyant mass of a particle is zero. The density of SSG nanoparticles was 

determined to be 0.95 ± 0.07 g/cm3. The stated error was calculated using the 95% 

confidence interval. The method for determining the error is provided in Appendix, §A.3. 

For Data DOI: 10.25911/5cd514fd9092d 

The measurement of mean particle diameter by the resonant mass method can be determined 

from equations 2.6 – 2.8 in §2.3. In addition, fitting a line that passes through the experimental 

measurements of buoyant masses in solutions of at least two different densities enables the 

mean diameter to be determined from the slope of the linear regression159, as shown in Figure 

3-11. Here, the size measurements of the SSG nanoparticles, determined using these two 

methods, were compared and found to be in agreement. The measured mean diameter of the 

SSG nanoparticles using the determined density of 0.95 ± 0.07 g/cm3 was 347 ± 93 nm, which 

was in agreement with the diameter that was obtained from the slope of the linear regression in 

Figure 4-7 (355 ± 119 nm). 

For the SSG particles the size of the particles obtained from the Archimedes, (347 ± 93 nm), is 

very much larger than the size obtained from light scattering (i.e., 173 nm, see Figure 4-4) and 

NTA (i.e., 98.7 nm, see Figure 4-3). This is due to the sensitivity limit of the Archimedes, which 
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results in only the largest particles in the distribution being measured. This is supported by a 

comparison of the measured concentration of the SSG dispersion which was 348 × 106 

particles/ml using NTA and 4 × 106 particles/ml using the Archimedes. The lower concentration 

measured in the Archimedes is due to only the largest fraction of particles being detected. 

4.3.3 The influence of external pressure on nanoparticle size 

The smaller LSG nanoparticles cannot be evaluated using this approach, as their size is below 

the sensitivity limit of the RMM. Another approach to differentiate nanobubbles from liquid or 

solid nanoparticles makes use of the large difference in compressibility between a gas and a 

condensed phase. As the compressibility of a gas is very different to the compressibility of 

liquids and solids, the response of a dispersion of nanoparticles to applied pressure may 

potentially be used to differentiate between nanobubbles and nanoparticles consisting of solids 

or liquids (details of this method were reported in §3.4.1). If light scattering is used to size the 

particles, the technique can be applied to particles substantially smaller than those measurable 

using the RMM. 

The effect of varying the external pressure on the radius of a nanobubble can be obtained by 

solving equations 3.1 and 3.2 in §3.4.1. These equations were used to calculate the effect of 

external pressure on the radius of a nanobubble as a function of pressure. As stated in Chapter 

3, the number of moles of gas within a bubble, n, is calculated under an external pressure of 1 

atmosphere and assumed to be unchanged with external pressure. The effect of external pressure 

on bubble radius requires an iterative calculation as the bubble radius impacts the Laplace 

pressure. The results are shown in Figure 4-8, for bubbles of different sizes and for two values 

of the surface tension. Noting here the surface tension refers to the nanobubble-solution 

interface. The surface tension matters as it influences the Laplace pressure and therefore the 

magnitude of the effect of any external pressure on the change in bubble size. Generally, the 
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larger the bubble and the lower the surface tension the lower the Laplace pressure and the 

greater the effect of external pressure on bubble size. 

 

Figure 4-8. The calculated effect of external pressure (using equations 3.1 & 3.2 ) on the 

radius of a nanobubble with initial size 150 nm (Panel A), 100 nm (Panel B), and 50 nm 

(Panel C) as a function of external pressure, for nanobubble-solution interfacial tensions of 

γ  = 72.0 mN m-1, (which is equivalent to the surface tension of pure water at 25˚C) and 50 

mN m-1, (which corresponds to a moderately contaminated interface). Note that a reduction 

in surface tension that might accompany the adsorption of contaminants to the surface of a 

nanobubble leads to a greater reduction in nanobubble size at any given external pressure. 

For Data DOI: 10.25911/5cd515a919cb2 

The effect of applying an external pressure to commercial nanobubble samples has been 

investigated by Tuziuti et al.185. A commercial nanobubble generator was used to generate 

nanoparticles with mean size around 55 nm and total concentration of 7.8 × 109 particles/ml. 

They reported a reduction in concentration and an increase in size after the sample had been 

exposed to an external pressure. However, this study differs from this study, as the size 

measurements of Tuziuti et al. were performed before and after application of an external 

pressure and not while the pressure was applied. That is, all measurements of Tuziuti et al. were 

taken at normal atmospheric pressure. Therefore, they did not measure the direct effect of 

external pressure on bubble size, as is the case here. The work presented here is akin to the 

earlier work by Johnson and Cooke108 that showed that microbubbles produced by shear in 
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seawater contracted when the pressure was raised by about 0.8 atm above atmospheric pressure 

and expanded when put under negative pressure.  

The effect of pressure using shock waves and ultrasound on surface nanobubbles has been 

studied by different groups 186,187. Borkent et al. 186 applied shock waves to surface nanobubbles 

imaged by Atomic Force Microscopy in water. They observed that surface nanobubbles 

remained present after the passage of a shock wave with a large tensile stress down to 

approximately -6 MPa. However, the observed objects in this study are suspected to be 

nanodroplets because a plastic syringe with disposable needle was used in this work which was 

reported later as a source of PDMS contamination188. Zhang et al.189 subjected surface 

nanobubbles to reduced pressures and later imaged the surface to reveal regions clear of surface 

nanobubbles. It was not possible in these studies to measure the surface nanobubbles during the 

application of pressure.  

In order to study the response of nanoparticles to external pressure, SSG and LSG nanoparticles 

were measured at normal atmospheric pressure, and then the samples were pressurized to 10 

atm and measured again, before the sample was depressurized to atmospheric pressure and 

measured a third time. The data obtained is summarized in Table 4-1 and compared to the 

calculated size change expected for a nanobubble with an interfacial tension of 72.0 x 10-3 N m-

1. It is worth noting that 72.0 x 10-3 N m-1 is the surface tension of a pristine air-water interface 

and therefore is the maximum surface tension that any nanobubble-water interface would be 

expected to have. Contaminants adsorbing to the interface would lower the surface tension. As 

a lower interfacial tension leads to a greater expected change in size for a nanobubble, the 

calculated values are the minimum change in size that is expected for nanobubbles exposed to 

an external pressure. For both the LSG and SSG samples, the effect of pressure was negligible 

and far less than the size change expected for nanobubbles. This finding demonstrates that these 

particles are not gaseous, but rather consist of a solid or liquid that is relatively incompressible. 
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Table 4-1.  Comparison of the experimentally measured and calculated effect of pressure 

on the diameter, d, of nanoparticles generated using the SSG and LSG generators. The error 

bars here represent the standard deviation for 10 measurements obtained by DLS.   

Generator d(1 atm, initial)  d(10  atm)  ∆d(10  atm- 1 atm)  ∆d Expected 
(10  atm- 1 atm)

 a d(1 atm, final) 

SSG 188 ± 9 nm 197 ± 9 nm 9 ± 9 nm - 32 nm 192 ± 8.6 nm 

LSG 182 ± 6 nm 195 ± 7 nm 13 ± 7 nm - 30 nm 189.6 ± 3.3 nm 

a Minimum change in diameter calculated using a nanobubble interfacial tension of 72.0 x 10-3 N m-1. 

4.3.4 Implications 

Both nanoparticle density measurements and the influence of external pressure on the measured 

size of the nanoparticles generated by the SSG and LSG indicate that the nanoparticles 

measured are not nanobubbles, but rather are other nanoparticles that form during the generation 

process. It is interesting that the generation process leads to the production of nanoparticles. 

Samples merely passed through the devices when inactive do not appear to produce 

nanoparticles, so the nanoparticle formation is likely to be associated with the formation of 

bubbles. One possible explanation is that bubbles formed during generation attract 

contaminants to their interface. Complete dissolution of such bubbles could lead to the 

formation of nanoparticles consisting of the accumulated material from the interface. This 

material may be slow to re-dissolve. The low concentration of nanoparticles produced means 

this is possible even in purified water, though here the surface tension data indicates the 

generators do contribute some level of contamination, so the surface-active material may be 

introduced during the generation process. It is expected that it will vary depending on the water 

source and the generator used. Due to their low concentration, an attempt to identify the 
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chemical makeup of these nanoparticles was not conducted. Enquiries indicated that Mass 

Spectrometry with an appropriate pre-concentrating step may be useful for determining the 

nature of the contaminants. 

4.4 Summary 

Two devices designed for generating nanobubbles on a small scale, SSG, and a large scale, 

LSG, were found to produce long-lived nanoparticles. The resonant mass measurement 

technique showed that the nanoparticles produced by SSG are positively buoyant and therefore 

less dense than water. However, extrapolating the mean buoyant mass as function of solvent 

density yielded a density for the nanoparticles of 0.95 ± 0.07 g/cm3 at the 95% confidence level, 

which is inconsistent with the nanoparticles being gas-filled.  Nanoparticles generated using 

SSG and LSG, showed no significant change in size when the external pressure was increased 

to 10 atm, which is also inconsistent with the nanoparticles being nanobubbles. Thus it is 

concluded that whilst these generators produce long-lived nanoparticles, these nanoparticles are 

not nanobubbles. Several other methods are reported to produce stable long-lived nanobubbles 

in bulk, without providing direct evidence that the nanoparticles being measured are indeed 

nanobubbles, in the following chapters, other reported methods for producing nanobubbles are 

tested to determine if nanobubbles were actually produced.  
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Chapter 5 Investigating the Existence of Long 

Lived Bulk Nanobubbles in Ethanol-Water 

Mixtures   

This chapter is reproduced with minor changes from:  

M. Alheshibri, V.S.J. Craig, Generation of nanoparticles upon mixing ethanol and 

water; Nanobubbles or Not?, J. Colloid Interface Sci. 542 (2019) 136–143. 

doi:10.1016/J.JCIS.2019.01.134. 

5.1 Introduction 

The mixing of ethanol and water has been widely reported as a convenient method for 

producing nanobubbles in bulk 44,98–100 and on surfaces 94, though in this study, the focus is only 

on bulk nanobubbles. During the mixing of ethanol and water, oversaturation is created as gas 

is more soluble in the components than in the mixture. That is, at equilibrium the combined 

amount of dissolved gas in any particular volumes of ethanol and water is greater than the 

equilibrium amount of dissolved gas when those same volumes of ethanol and water are 

combined. Thus mixing of solvents equilibrated with atmospheric gases (primarily N2 and O2) 

leads to supersaturation of dissolved gases in the mixture, leading to possible nucleation of bulk 

nanobubbles 95,98.  
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The debate as to whether bulk nanoparticles that are formed upon mixing ethanol and water are 

nanobubbles or other nanoparticles has persisted for more than a decade. In 2007 Jin et al.44 

used dynamic laser light scattering to examine solutions formed from mixing ethanol and water. 

They observed a slow mode of relaxation corresponding to submicron objects ~ 100 nm in 

diameter. The slow mode was shown to be removed only after repeated filtration and was 

regenerated by injecting filtered air. They argued the slow mode was due to bulk nanobubbles 

that were stabilized by organic molecules adsorbed at the gas-water interface. However, in a 

later study, it was reported that the intensity of light scattering was similar when gassed or 

degassed solvents were mixed, and it was concluded that these objects were not nanobubbles 

but contaminants 41. In contrast, it has recently been reported that submicron particles generated 

upon mixing ethanol and water were nanobubbles 98 or nanobubble like clusters 99,100. Qiu et 

al. 98 applied nanoparticle tracking analysis to nanoparticles generated by mixing ethanol and 

water. They studied the influence of the ethanol to water ratio on the concentration and the size 

of the nanoparticles. They found that the concentration of particles formed was a maximum at 

8.3 % v/v ethanol. Contrary to the works by Habich et al. 41, they ascribed the scattering signal 

to the presence of bulk nanobubbles, because the concentration was five times less when 

degassed-solvents were mixed. Thus the issue remains unresolved. A concern in applying 

degassing to differentiate nanobubbles from other nanoparticles is that if the nanoparticles 

consist of a volatile solvent they may also be removed by degassing, giving a false positive. 

Moreover, in the circumstance that bulk nanobubbles are accompanied by other non-volatile 

nanoparticles the removal of nanobubbles by degassing may be masked by the presence of the 

other nanoparticles, giving a false negative. Thus degassing is an indirect and inconclusive 

method for determining if a candidate nanoparticle dispersion contains nanobubbles and this is 

likely the reason for the discrepancies reported in the literature. More direct techniques are 

needed to definitively address the issue. 
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This chapter tests the hypothesis that that long lived bulk nanobubbles are produced upon 

mixing ethanol and water, using the techniques developed in chapter 3 that probe the density 

and the pressure response of the nanoparticles. Nanoparticles were generated spontaneously 

upon mixing high-purity ethanol and high- purity water. Details of the generation process and 

all the related characterization methods are described in §5.2. The remainder of this chapter 

focuses on the outcomes of this study and discusses the origins of the nanoparticle formation.  

5.2  Materials and Methods 

High purity water (Elga Purelab Chorus 2) was used in this study. D2O (Aldrich, 99.9 atom % 

D) was filtered to remove particles and used without further purification. All solvents were 

filtered through syringe filters with 20 nm pores (0.02 µm Whatman Anotop 10; Al2O3 

membrane). The filters themselves may initially act as a source of nanoparticles, therefore prior 

to use 10 mls of pure water was passed through each filter to remove any particles that may 

have initially been in the filter. All glassware was cleaned by soaking in 10% NaOH (AR Grade, 

Aldrich), followed by generous rinsing with purified water before use. 

5.2.1 Spinning Band Distillation Unit 

Due to concerns that a dispersion of nanoparticles may be formed from contaminants in the 

ethanol that are made insoluble upon the addition of water via the ouzo effect190, special care 

was taken to purify the ethanol in this study. A spinning band distillation column (36-100 mini 

fractional distillation system, BR instrument, USA) was used to further purify the analytical 

reagent grade ethanol. An image of the apparatus is shown in Figure 5-1. The distillation unit 

operates with a spinning band made of Teflon to achieve efficiency of up to 200 theoretical 
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plates at atmospheric pressure in a column 90 cm in length and 8 mm in diameter. A round 

bottomed flask filled with pure ethanol was placed on a heating mantle and connected to the 

column with a clamp. The reflux ratio was set to 30 and the heating mantle output to 5% to 

maintain slow distillation of the ethanol. Once the ethanol began to boil, the column was left to 

equilibrate the liquid and vapor flows for 30 – 60 minutes. This fraction was discarded before 

ethanol was collected at a rate of ~ 5 mls per minute. The collected distilled ethanol was then 

stored either in a glass flask or a stainless steel pressure vessel.  
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Figure 5-1. Photograph of the spinning band distillation unit installed in the cabinet with 

the doors open. The total unit is 153 cm in length.  

5.2.2 Ethanol Water Mixing 

Ethanol and high purity water were mixed to generate nanoparticles in this study. Ethanol and 

water were injected at the same time into a T shaped joint (nylon luer fitting, Cole–Parmer, 

Australia) using two separate syringes to produce a solution of ethanol and water. Each syringe 
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(1001 TLL, 1 ml Hamilton gastight glass syringe, Hamilton Co, USA) was connected to a 

syringe filter with a 20 nm pore size, such that the solvents passed through the filters 

immediately before mixing. Different ethanol concentrations were achieved by filling the 

syringes to an appropriate volume and operating the syringes at different speeds such that they 

emptied at the same time.  This produced aqueous ethanol solutions, which invariably contained 

nanoparticles. This solution was immediately transferred to a sealed flask prior to 

characterization.  

5.2.3 Dissolved oxygen measurement 

Dissolved oxygen measurements were performed using a galvanic oxygen microsensor (AMT 

Analysenmes - Stechnik GmbH, Rostock, Germany) with a millisecond response time (for 

further details, see §4.2.1). 

5.2.4 Degassing Experiments 

Ethanol and Water were degassed in separate Schlenk flasks for a minimum of 4 hours using a 

vacuum pump (N840, 3FT. 18, KNF, US), and a liquid N2 cold trap. The oxygen level in the 

water dropped from (8.4 mg/l at 25 °C), to (3.7 mg/l at 19 °C) after degassing. The level of 

dissolved nitrogen is expected to decrease by the same ratio suggesting an undersaturation of 

~40%. The effects of degassing on the concentration of dissolved gases in ethanol was not 

measured because of material incompatibilities. It is assumed that a similar level of 

undersaturation was achieved. 
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5.2.5 Nanoparticle Tracking Analysis (NTA) 

The size and the concentration of nanoparticles in aqueous ethanol solutions were determined 

using nanoparticle tracking analysis (NTA) with a NanoSight (NS300, Malvern, software 

version 3.1). Measurements were conducted at 25°C using a blue laser light source (70 mW, λ 

= 405 nm). A video of the scattered light from nanoparticles in a flow field was recorded for 60 

s, enabling several hundred particles to be tracked and measured. The sample was introduced 

using a syringe pump (flow rate set to 30 in arbitrary units). The average of five measurements, 

each captured over 60 s at 25 frames/s is reported. The parameters used were camera level = 

13, threshold = 3, and gain = 366. The size that is derived from the particle diffusion coefficient 

depends on the viscosity of the solvent, as per the Stokes−Einstein equation (see equation 2.3 

in §2.1). The viscosity of the aqueous ethanol solutions was calculated using a polynomial 

fitting reported for the measurements by Khattab et al.191.  

5.2.6 Resonant Mass Measurement (RMM) 

The size and buoyant mass of nanoparticles in aqueous ethanol solutions were measured at 

room temperature by the resonant mass method (RMM) using an Archimedes (Malvern 

Instruments, UK, ParticleLab software (version 1.2). A polystyrene standard containing spheres 

500 nm in diameter (Thermo Fisher Scientific) was used to calibrate Nanosensor chips. Data 

was acquired for 1 h or until 250 particles had been measured using a detection threshold of 

0.009 Hz. 
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5.2.7 Dynamic light Scattering 

A Zetasizer Nano ZS (Malvern) employing a 633-nm He-Ne laser at a scattering angle of 173°, 

was used to measure the size of particles in solution by dynamic light scattering. The 

measurements were made with automatic attenuation at a position of 4.65 mm from the cuvette 

wall and analyzed using the Malvern Zetasizer software version 7.1. For all measurements, 13 

runs of 10 s were performed with at least 5 repetitions to obtain the particle size distribution. 

5.3 Results and Discussion 

5.3.1 Formation and stability of nanoparticles 

The concentration of particles in mixtures of ethanol and water were measured using 

nanoparticle tracking analysis (NTA, Nanosight NS300, Malvern). High grade purified 

laboratory water and AR grade ethanol, that was further purified by slow spinning band 

distillation, was used in these experiments. The mixing of ethanol and water was found to 

produce significant numbers of nanoparticles up to 200 nm in size. The effect of ethanol 

concentration on the size and number of nanoparticles produced is shown in Figure 5-2. The 

highest concentration of nanobubbles was observed in a 20% v/v ethanol aqueous solution. The 

concentration of the particles increased from 36.2 × 107 particles/ml at 10% v/v ethanol to 99.6 

×107 particles/ml at 20% v/v ethanol. Increasing the concentration of ethanol led to a reduced 

number of particles as shown for 30% and 40% v/v ethanol solutions.  
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Figure 5-2. Size distribution (A) and total concentration (B) of nanoparticles produced upon 

mixing ethanol and water as a function of ethanol volume fraction measured using 

nanoparticle tracking. The error bars here represent the standard error for five measureme. 

For Data DOI: 10.25911/5c11b049a2c8c  

In all subsequent measurements, the concentration was set to 20% v/v ethanol. The baseline 

levels of particles in each of the solvents after filtering (20 nm pore size syringe filters) and 

passing through the tubing and T section were also determined using the Nanosight. The 

concentration of particles in both ethanol and water were found to be near the lower limit of 

detection for the apparatus, being 0.69 × 107 and 0.65 × 107 particles/ml, respectively. This is 

more than two orders of magnitude lower than the concentration of nanoparticles found upon 

mixing ethanol and water to produce a solution of 20% v/v ethanol (see Figure 5-3), indicating 

that the nanoparticles measured are being produced during solvent mixing. The mean size of 

the nanoparticles shown in Figure 5-3 was 91.7 ± 0.5 nm, with a modal size of 85.2 ± 0.9 nm. 

The size of the nanoparticles produced from one batch to the next was found to vary (different 

size distributions are shown in Figure 5-4), likely due to slight variations in the mixing process 

which was not precisely controlled. However, the size was always in the range of 60–200 nm.  
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Figure 5-3. Particle size histogram with a bin width of 1 nm, obtained using NTA (Nanosight 

NS300) for nanoparticles produced by mixing ethanol and water to produce a 20% v/v ethanol 

solution (red line). The concentration of nanoparticles measured in the filtered pure solvents 

(measured separately) are shown in the inset. The concentration of nanoparticles in the pure 

solvent are near the lower limit of the range of the apparatus and are two orders of magnitude 

less than the concentration of nanoparticles measured after mixing. (Note: The axes labels for 

the inset figure are the same as those of the larger figure, but the vertical scale is expanded 100 

times.) For Data DOI: 10.25911/5c11b0bb35a97 
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Figure 5-4. Histogram showing the variation in particle size distribution for nanoparticles 

produced by different trials of mixing ethanol and water to produce a 20% v/v ethanol 

solution. The ethanol-water mixture produced a narrow distribution of nanoparticles in most 

cases, and a broad distribution on a few occasions.  

Given the anticipated very short lifetime of nanobubbles, the stability of the nanoparticles 

produced upon mixing ethanol and water was investigated. Nanoparticles were produced and 

stored in a gas-tight syringe. The syringe remained undisturbed during the lifetime of the study. 

Aliquots of this sample were measured at chosen times up to 96 hours after production. The 

modal size was maintained over the first 6 hours and then it increased gradually (see Figure 

5-5). A longer study showed that the concentration decreased slowly with time and the size 

increased as shown in Figure 5-5. This indicates that the nanoparticles were stable for several 

hours after production but had grown and reduced in concentration substantially after 24 hours. 

These results confirm earlier reports that nanoparticles are produced upon mixing ethanol and 

water 41,44,98–100. This is notable given the extra measures that were employed to purify the 

ethanol used in these experiments.  
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Figure 5-5. Size distribution (left panel), and modal size (right panel) versus time of 

nanoparticles produced upon mixing ethanol and water. The modal size for the 

nanoparticles after 96 hours is not shown because the concentration of the nanoparticles 

was very low (i.e. 5.9 × 107 particles/ml).  

Due to the debate in the literature over the nature of the nanoparticles produced upon mixing 

ethanol and water, this study was designed to test whether the nanoparticles being produced are 

nanobubbles or non-gaseous nanoparticles. To do this, the density and compressibility of the 

nanoparticles were evaluated using the techniques that have been developed for this purpose 

(see chapter 3). The density can be determined by a series of resonant mass measurements in 

solvents of different density and the compressibility evaluated from the particle size as a 

function of pressure. 

5.3.2 Nanoparticle Density 

The particles generated by mixing ethanol and water were measured using the resonant mass 

measurement method (RMM). A population of positively buoyant nanoparticles at a 

concentration of 1.58 × 107 particles ml-1 (see Figure 5-6)  was evident. Only positively buoyant 

particles were observed in the sample, with a mean buoyant mass of 0.76 ± 0.03 fg. This 
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indicates that the nanoparticles are less dense than the solvent and therefore unlikely to be solid 

nanoparticles. This however does not demonstrate that they are nanobubbles as they may be 

nanodroplets of a liquid that is less dense than water. 

 

Figure 5-6: A representative buoyant mass histogram measured using RMM for 

nanoparticles generated upon mixing ethanol and water to produce an aqueous ethanol 

solution of 20% v/v ethanol. The concentration of particles was measured to be 1.58 × 107 

particles/ml. Particles with a buoyant mass of < |0.4| fg are undetectable due to the 

instrument’s limited sensitivity (shaded gray region). No negatively buoyant particles were 

detected. For Data DOI: 10.25911/5c11b178d13cc 

The density of nanoparticles generated upon mixing ethanol and water to produce a 20% v/v 

aqueous ethanol solution were determined. Solutions of different densities were produced by 

varying the ratio of H2O and D2O used to dilute a single batch of nanoparticles (see Table 5-1). 

A single batch was used to ensure that the particle distribution was the same in each sample. 

The mean buoyant mass of the nanoparticles was measured in each medium. The particle 

density was determined by plotting the buoyant mass versus fluid density and extrapolating to 

the x-intercept to zero buoyant mass. A buoyant mass of zero occurs when the particle density 

is equivalent to the fluid density 158,159,162,192. The mean particle density was found to be 0.91 ± 
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0.01 g/cm3 (see Figure 5-7), with the error calculated based on a 95% confidence interval. The 

method for determining the error is provided in Appendix, §A.3. The measured density is 

inconsistent with the nanoparticles being nanobubbles, because the density is much higher than 

the expected density of gas bubbles. 

Table 5-1. Densities of nanoparticle solutions produced by diluting a single batch of 

nanoparticles with different ratios of H2O: D2O. 

Mass fraction used for 

dilution H2O: D2O 

Mass fraction of the diluted 

nanoparticle solution 

H2O: D2O: ethanol 

Measured density of the 

nanoparticle solution a (g cm-3) 

1.00 : 0.00 0.93 : 0.00 : 0.07 0.977 ± 0.002 

0.50 : 0.50 0.63 : 0.30 : 0.07 1.021 ± 0.002 

0.33 : 0.67 0.53 : 0.40 : 0.07 1.036 ± 0.002 

0.00 : 1.00 0.33 : 0.60 : 0.07 1.055 ± 0.002 

a The density of the nanoparticle solution was measured using a digital densitometer (DMA 35, Anton Pear, 
Austria) at room temperature.  
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Figure 5-7: The mean density of nanoparticles produced by mixing ethanol and water to 

produce an aqueous solution of 20% v/v ethanol was obtained from the x-intercept. The 

density was determined to be 0.91 ± 0.01 g/cm3 using regression analysis. The reported 

error represents the 95% confidence interval. The method for determining the error is 

provided in Appendix, §A.3. For Data DOI: 10.25911/5c11b1d50780b 

5.3.3 Nanoparticle compressibility  

A further test that can be applied to nanobubble candidates to assess the effect of pressure on 

the size of the nanoparticles. The Young–Laplace equation and the ideal gas law can be used to 

determine the effect of external pressure on nanobubbles (see equations 3.1 and 3.2 in §3.4.1).  

The effect of external pressure on the size of a bubble is greater as the surface tension is reduced, 

due to the accompanying reduction in Laplace pressure. The calculated effect of external 

pressure on bubbles of different initial sizes at γ = 42.0 x 10-3 N m-1 is presented in Figure 5-8. 

This is the surface tension of 20% v/v aqueous ethanol191. As stated in Chapter 3, the number 

of moles of gas within a bubble, n, is calculated under an external pressure of 1 atmosphere and 

assumed to be unchanged with external pressure. The effect of external pressure on bubble 

radius requires an iterative calculation as the bubble radius impacts the Laplace pressure. Any 



128 

surface active contaminants will reduce the surface tension further, therefore the calculation 

reflects the minimum change in size that a nanobubble in 20% v/v aqueous ethanol should 

undergo with a change in pressure. 

 

Figure 5-8. The diameter of bubbles with initial diameters of 200 nm, 150 nm, and 100 nm 

as a function of external pressure, for a nanobubble-solution interfacial tension191 of γ  = 

42.0 x 10-3 N m-1 (calculated using equations 3.1 and 3.2 in §3.4.1). For Data DOI: 

10.25911/5c11b2280fe6a 

The influence of external pressure on microbubbles 108,112, and nanobubbles has been 

investigated previously (see chapter 3). Due to the compressibility of gasses, bubbles expand 

when subjected to negative pressure and contract when the pressure is increased. It was shown 

in chapter 3 that the response of nanobubbles to pressure can be used to distinguish them from 

other nanoparticles, even when the nanobubbles are coated with insoluble material. In addition, 

the pressure response of nanobubbles was detected even in the presence of other solid 

nanoparticles in the same suspension. Thus, measurements of the change in size of candidate 

nanoparticles due to external pressure can be used to determine if they are nanobubbles.  
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In this study, the average diameter of nanoparticles in aqueous 20% v/v ethanol solutions were 

measured at 1 atmosphere of external pressure, then at 5 atm of external pressure and again at 

1 atmosphere of external pressure. Table 5-2 shows the average diameter before, during, and 

after application of pressure. Using equations 3.1 and 3.2 in §3.4.1, where the surface tension 

for 20% v/v ethanol is191 42.0 x 10-3 N m-1, the size at 5 atm should have decreased from 131 

nm to 117.3 nm. The data is listed in Table 5-2 and compared to the expected size change for a 

nanobubbles with surface tension of 42.0 x 10-3 N m-1. As shown, the change in size for 

nanoparticles generated by mixing water and ethanol was far less than the anticipated change 

for gas bubbles with the same initial size. These results show that the effect of pressure on the 

size of the particles is insignificant and indicates that these objects are not gas-filled bubbles. 

These findings are consistent with the density measurements, which confirm that these particles 

are impurities resulting from the mixing of water and ethanol rather than being nanobubbles.   

Table 5-2. Comparison of the experimentally measured and expected effect of pressure on 

the average diameter, d, of nanoparticles generated upon mixing water and ethanol. 

d(1 atm, initial)  d(5  atm)  ∆d(5  atm- 1 atm)  ∆d Expected
 (5  atm- 1 atm)

 a d(1 atm, final) 

131.0 ± 1.2 nm 132.0 ± 0.5 nm 1.0 ± 1.7 nm -13.7 nm 130.0 ± 2.0 nm 

a Minimum change in diameter calculated using a nanobubble interfacial tension of 42.0 x 10-3 N m-1.  

Having demonstrated that the mixing of ethanol and water results in the production of 

nanoparticles and that these nanoparticles are not nanobubbles, as their density and response to 

the application of pressure are inconsistent with the particles being nanobubbles, the question 

arises as to how the nanoparticles are formed and what they consist of. The origin of these 

particles might be considered an example of ‘the ouzo effect’. The ouzo effect in the absence 

of surfactants or agitation, results in the formation of oil droplets of micron size and smaller in 

a ternary system comprising alcohol, water and oil 190. Ethanol plays a significant role in the 
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ouzo effect as a co-solvent. This is due to the high solubility of oil in alcohol compared with 

water. Adding small amounts of oil to ethanol creates a homogeneous single phase, as the oil 

completely dissolves in ethanol. Adding water to this binary solution causes oil to supersaturate 

and then form into oil droplets because the solubility of the oil decreases rapidly with increasing 

water concentration. Vitale and Katz showed that droplets formed by the ouzo effect can be 

stable for up to several days, when the oil density was very near that of the continuous aqueous 

phase 190.  

Are the nanoparticles formed in this study an example of the ouzo effect? Using the size 

distribution data in Figure 5-2 and assuming that all the material in the nanoparticles originated 

from the ethanol, the volume fraction of the nanoparticles was calculated to be ≈ 2.73 x 10-5. 

That is if the nanoparticles represent an impurity sourced from the ethanol the limit of purity of 

the distilled ethanol used in this study was 99.997 % by volume. The small quantity of material 

in the nanoparticles exemplifies the challenge in identifying their composition. The very low 

volume fraction of material in the nanoparticles suggests that they are not within the appropriate 

region of the phase diagram to ascribe the production of nanobubbles here to the Ouzo effect. 

It is of course possible that the material within the nanoparticles represents only a small fraction 

of the oil within the ethanol, but this is not likely. Further nanoparticles were produced at all 

volume fractions of ethanol studied (10 %, 20 %, 30 % and 40 %), a range that would appear 

to be too large to be attributed to the ouzo effect. 

If the formation of nanoparticles is not due to homogenous nucleation as in the ouzo effect, 

perhaps it can be attributed to heterogenous formation. The supersaturation of dissolved gases 

that accompanies mixing of ethanol and water could lead to the nucleation of bubbles during 

mixing, which subsequently shrink and dissolve. The bubble solution interface will attract 

contaminant material. During dissolution of the bubble, the contaminant material will be 
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concentrated, and this could lead to the formation of a nanoparticle when the bubble completely 

dissolves. To test this model, the experiments were repeated using ethanol and water with 

depleted concentrations of dissolved gas in order to reduce or prevent supersaturation upon 

mixing (see Figure 5-9). As shown, the total concentration of nanoparticles decreased 

significantly upon mixing degassed ethanol and degassed water. The result is consistent with 

the findings of previous studies98,100. The decrease in nanoparticles could be indicative of a 

decrease in the formation of bubbles due to a reduction in the dissolved gas concentration in 

solution. An alternative explanation is that degassing reduced the concentration of the material 

making up the nanoparticles directly. This is unlikely to happen given the density of the 

nanoparticles and the steps taken to purify the ethanol.  To test this hypothesis, the solvents 

were re-gassed separately by shaking them vigorously for several minutes and waiting for 24 

hours for the solvents to recover the air-equilibrated saturation level. The solvents were stored 

in a sealed vessel with a volume of air well in excess of the volume of liquid during 

equilibration. As shown in Figure 5-9, mixing the re-gassed solvents produce nanoparticles with 

a concentration slightly above the initial concentration obtained on mixing the gassed solvents. 

This suggests that the supersaturation of the dissolved gas is associated with the formation of 

the nanoparticles and is also strong evidence that the nanoparticles are not reduced upon 

degassing due to the removal of volatile oils. 

With regards to the ouzo effect, removing the dissolved gasses prior to mixing was reported to 

enhance the formation of spontaneous emulsification193. Sowa et al. evaluated the impact of 

degassing on oil droplets formed by the ouzo effect for ternary systems of ethanol, water and 

different volatile hydrocarbons 193. The concentration of oil droplets was found to be greater 

when they mixed degassed samples compared with non-degassed samples. This finding 

contradicts the results shown in Figure 5-9, where a lower number of particles were detected 

after mixing degassed solvents. This provide further reasons to discount the possibility that the 
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ouzo effect leads to the formation of the nanoparticles observed. Rather their origin is ascribed 

to adsorption of contaminants to the interface of bubbles, that upon dissolution leave behind the 

material accumulated at the interface in the form of a nanoparticle. A simple calculation reveals 

that bubbles larger than 1 micron in size with a sub monolayer coverage of contamination can 

easily accumulate enough material to form a 100 nm particle. It is worth noting that the 

maximum concentration of nanoparticles was obtained at 20 %v/v of ethanol here (0.93 mole 

fraction of water) which is consistent with Millare et al.100 but at odds with the Jun Hu group 98 

who reported the maximum concentration of nanoparticles at 8.3 %v/v of ethanol. The 

difference is likely due to differences in the type of contamination. The maximum gas 

supersaturation of the mixture occurs at 0.84 mole fraction of water95. Thus the maximum 

number of bubbles would be expected at 0.84 mole fraction of water. However, if the 

contaminants making up the nanoparticles are highly soluble in ethanol and poorly soluble in 

water the maximum yield of nanoparticles would be expected to be at a water mole fraction > 

0.84 and dependent on the particular nature and concentration of the contaminants present. This 

is consistent with the results obtained here, where the production of nanoparticles is a maximum 

at 20 %v/v ethanol and decreases at higher ethanol concentrations. 

 

Figure 5-9. Comparison of the concentration of nanoparticles produced upon mixing (1) 

ethanol and water (red column), (2) mixing degassed ethanol and degassed water (blue 
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column), and (3) mixing ethanol and water that had been degassed and then allowed to re-

gas (green column). The error bars here represent the standard error for five measurements 

obtained by the nanoparticle tracking analysis software. For Data DOI: 

10.25911/5c11b2688d786 

5.4 Summary 

Mixing ethanol and water was found to produce long lived nanoparticles of the order of 100 nm 

in diameter, whose population reached a maximum at 20 %v/v ethanol, although an elaborate 

distillation system was used in this study to purify the ethanol. It is concluded that the 

nanoparticles produced were not bulk nanobubbles, based on two direct observations. First, the 

resonant mass measurement showed that all the particles were positively buoyant, but with a 

mean density of 0.91 ± 0.01 g/cm3. Second, dynamic light scattering showed no significant 

change in the average diameter when pressure was applied. Similar to previous reports98,100, the 

Nanosight showed a significant reduction in particle concentration upon mixing degassed 

ethanol and degassed water, suggesting that the formation of nanoparticles was directly 

associated with the supersaturation of dissolved gas. The findings from this study resolve the 

debate as to the nature of the nanoparticles produced when ethanol and water are mixed – they 

are not nanobubbles.  
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Chapter 6 Investigating the Possible 

Production of Long Lived Bulk Nanobubbles 

due to Supersaturation by a Gas Evolving 

Chemical Reaction  

This chapter is reproduced with minor changes from:  

M. Alheshibri, M. Jehannin, V. Coleman, V.S.J. Craig, Does Gas Supersaturation by a 

Chemical Reaction Produce Bulk Nanobubbles?, J. Colloid Interface Sci. 554 (2019) 388–395. 

doi: 10.1016/j.jcis.2019.07.016 

6.1 Introduction 

Several studies have indicated that nanobubbles can be generated using gas evolving chemical 

reactions103,194–196.The White group194–196 in a series of publications examined the 

electrochemical nucleation of nanobubbles on solid nanoelectrode surfaces. Nanobubbles were 

generated using the reduction of protons in acidic solutions194, the oxidation of N2H4
195 and the 

decomposition of H2O2
196 to produce the gaseous products, hydrogen, nitrogen, and oxygen 

respectively. They reported that in their experiments, supersaturation levels of 310, 160 and 

130 were required for the formation of hydrogen nanobubbles, nitrogen nanobubbles, and 

oxygen nanobubbles respectively. Gas evolving chemical reactions have also been reported as 

a method for producing bulk nanobubbles. For instance, Li et al.103 used the chemical reaction 

https://doi.org/10.1016/j.jcis.2019.07.016
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between ammonium chloride and sodium nitrite to produce nitrogen nanobubbles in bulk. They 

used cryo-electron microscopy to directly image nanoparticles trapped in amorphous ice 

generated by the chemical reaction. They found these nanoparticles formed only when they 

were trapped between two carbon films and concluded that these are bulk nanobubbles with 

diameters of 200–300 nm. The rate of nanoparticle generation was adjusted by changing the 

concentration of HCl in the solution. This technique is widely used and it is accepted that the 

rapid freezing process does not produce artefacts of this kind. However, it is important to 

investigate the generation of these nanoparticles in aqueous solution, to more rigorously 

examine the nature of the nanoparticles.  

The experiments described in this chapter were performed first to see if nanoparticles are 

produced upon supersaturation of gas by a chemical reaction between aqueous solutions of 

ammonium chloride and sodium nitrite, and If nanoparticles are produced, established protocols 

in chapter 3 can be used to test these nanoparticles, to determine if they are nanobubbles.  

6.2 Materials and Methods 

6.2.1 Reagents  

High grade purified water (ELGA Purelab Chorus 2) was used in this study. Sodium nitrite 

(NaNO2) was purchased from Sigma-Aldrich (Reagent plus grade ≥ 99.0%), and ammonium 

chloride (NH4Cl) was purchased from Ajax Finechem (AR grade 99.5%). Both were used 

without further purification. The NH4Cl was reported to have impurities, as detailed in Table 

6-1. Information on the impurities present in the NaNO2 was not provided by the supplier. 

Glassware was cleaned with 10% NaOH for 10 minutes, before extensive rinsing with purified 

water. Aqueous solutions of NaNO2 and NH4Cl of different concentrations were prepared with 
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high purity water and filtered through a 20 nm syringe filter (0.02 µm Whatman Anotop 10 

inorganic with an Al2O3 membrane) before use, in order to remove particles. As the syringe 

filters may on first use yield nanoparticles or contaminants, the syringe filters were pre-rinsed 

with 10 ml of pure water before use. HCl and NaOH (AR grade, Aldrich) were used to adjust 

the pH of the solution. In a typical experiment, 5 mls of an aqueous NH4Cl solution (0.1−1 M) 

were added to a vial of 5 ml of an aqueous NaNO2 solution at the same concentration. The vial 

was then sealed and shaken vigorously by hand for 30 − 60 seconds. This was taken as the time 

of mixing. 

Table 6-1. Impurities present in NH4Cl. 

Impurity Percentage*  Impurity Percentage* 

Potassium 
(K) 0.0050% Iron (Fe)  0.0001% 

Sodium 
(Na) 0.0050% Copper 

(Cu) 0.0001% 

Residue 
after 
ignition 

0.0100% Phosphate 
(PO4) 0.0002% 

Calcium 
(Ca) 0.0010% Lead (Pb) 0.0002% 

Arsenic 
(As) 0.0003% 

  
Magnesium 
(Mg)  

0.0002% 

Heavy 
metals  0.0005% Sulphate 

(SO4) 0.0020% 

*The percentage here refer to the maximum limits of impurities. These impurities were reported by the supplier 
(Ajax Finechem) on the purchased container.  

 

6.2.2 pH adjustment 

Aqueous solution of (0.1 – 1 M) NaNO2 (pH = 5.8 – 7.5), and (0.1 – 1 M) NH4Cl (pH = 5 – 

5.5) were used. Upon mixing, the solution had a pH of (5.5 – 6.5). When required, the pH was 

adjusted after mixing the reactants by the addition of either 0.5 M HCl or 0.5 M NaOH. The 



137 

acid and base solutions were filtered through a 20 nm filter before use. The pH of the solution 

was measured using a pH meter (smartCHEM-LAB, TPS, Australia).  

6.2.3 Nanoparticle Tracking Analysis (NTA) 

The size distribution and concentration of nanoparticles were measured using a NanoSight 

(NS300, Malvern, software Version 3.1) to perform Nanoparticle Tracking Analysis (NTA). 

Measurements were performed using a blue laser light source (70 mW, λ = 405 nm). A camera 

operating at 25 frames/s was used to record a video of the light scattered from nanoparticles in 

a flow field for 60 s. This enabled numerous nanoparticles to be tracked, measured, and counted. 

The sample was continuously introduced into the NanoSight measurement cell using a syringe 

pump (flow rate set to 30 – unspecified units). Each result presented here is the average of five 

measurements. The camera level was always set at 13, and the threshold was set at 3. The data 

was analyzed using a viscosity of 0.888 cP for water at 25 °C.  

6.2.4 Resonant Mass Measurement (RMM) 

Resonant mass measurements (RMM) were conducted using an Archimedes (Malvern 

Instruments, UK, ParticleLab software version 1.2) to determine the buoyant mass of individual 

nanoparticles. All experiments were performed at room temperature.  Nanosensor chips with 

embedded channels having dimensions of 2 × 2 µm2 were used in all experiments. Prior to use, 

they were calibrated with polystyrene standard nanoparticles of diameter of 500 nm (Thermo 

Fisher Scientific). Data was acquired for 1 hour or until 150 particles had been detected using 

a threshold frequency change of ± 9 × 10-3 Hz.  
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6.2.5 Dynamic light Scattering 

A Zetasizer Nano ZS (Malvern) employing a 633-nm He-Ne laser at a scattering angle of 173°, 

was used to measure the size of particles in solution by dynamic light scattering. Particle size 

measurements were made with an automatic attenuator at a position of 4.65 mm from the 

cuvette wall. The dynamic light scattering measurements performed here are the average of 

three measurements, each consisting of 13 sets of data, each collected over a period of 10 s.  

6.3 Results and Discussion 

There are numerous chemical reactions that result in the production of gases. However, some 

of these chemical reactions can lead to the production of species that are not soluble in water 

and therefore have the potential for solid nanoparticle production, complicating the possible 

identification of nanobubbles resulting from supersaturation. Even when the chemical reaction 

itself does not produce insoluble species, it is important to consider the possible production of 

insoluble species between the reactants, products and contaminants. So for example, species 

that form insoluble salts with calcium or sulphate ions are best avoided. Another consideration 

is the type of gas produced. This study avoids reactions that produce CO2, because CO2 is far 

more soluble than most other gases. The production of oxygen from the disproportionation 

reaction of hydrogen peroxide was considered, as the only other species produced in this 

reaction is water, but the rate of this reaction is extremely slow at room temperature unless a 

catalyst is employed197. The chemical reaction between NH4Cl and NaNO2 was utilised in this 

study to produce nitrogen gas and NaCl which is a very soluble salt (solubility198 360 g/L). 

NH4Cl (aq) + NaNO2 (aq)                  NaCl (aq) + 2H2O (l) + N2 (g) 
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Furthermore, the chemical species involved in this reaction form highly soluble salts with most 

potential contaminant ions, reducing the possibility of nanoparticles of insoluble salts being 

produced as a result of side reactions. Additionally, the kinetics and mechanism of this reaction 

have been extensively investigated199,200.  

According to Nguyen et al.199, the reaction between NH4Cl and NaNO2 in aqueous solutions is 

greatly dependent on pH and the concentration of the reactants. For example, decreasing the 

pH from 7 to 3 leads to an increase in the reaction rate by a factor of 4000. The reaction follows 

first order kinetics with respect to the concentration of ammonium chloride, and second order 

with respect to the concentration of sodium nitrite. The following rate expression has been 

proposed199.   

 Reaction rate = 𝐴𝐴𝑒𝑒−𝐸𝐸`/𝑅𝑅𝑇𝑇𝑎𝑎𝐻𝐻+
𝛼𝛼  𝐶𝐶NH4Cl 

𝛽𝛽 𝐶𝐶𝑁𝑁𝑎𝑎𝑁𝑁𝑂𝑂2
𝛾𝛾  (6.1) 

where A is the frequency factor, E` is the Arrhenius activation energy, T is the temperature, R 

is the ideal gas constant, and α, β, and γ are the orders with respect to hydrogen ions, NH4Cl 

and NaNO2 concentrations, respectively. This rate expression is applicable to the pH range used 

in this study. Using the above rate expression, the amount of nitrogen produced from this 

reaction at room temperature can be calculated by integrating over time.  

The calculated amount of N2 gas produced over a period of an hour is presented as a function 

of the initial concentration of the reactants in Figure 6-1A and as a function of pH in Figure 

6-1B. As shown, the rate of reaction can be readily manipulated by the choice of NH4Cl and 

NaNO2 concentration and the pH.  
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Figure 6-1. Calculated concentration of nitrogen produced versus time at T = 298 K for the 

chemical reaction between NH4Cl and NaNO2 at 0.1 M, 0.5 M and 1 M (pH = 6) (Panel A), 

and at  pH  4, pH 6 and pH 8  when the concentration of the reactants is 0.5 M (Panel B). 

These calculations were made using equation 1 with  α = 0.91, β = 0.95, γ = 1.81 , E` = 

15.1 Kcal mol−1, and A= 5.3 × 1010 (L mol−1)1.76 s−1 (parameters taken from reference199). 

For data DOI:10.25911/5c7c9aa5eadd6 

6.3.1 Nanoparticle Production 

The size and concentration of nanoparticles in the solutions after filtration and before mixing 

were determined using nanoparticle tracking analysis (NTA, Nanosight NS300, Malvern) in 

order to establish the background level of nanoparticles. Typical total concentrations of 

particles in NH4Cl and NaNO2 solutions before mixing were 0.3 ± 0.1 × 106 and 1.6 ± 0.3 × 106 

particles ml-1 respectively. This is near the detection limit of the instrument.  The very low 

particle count is expected, given that the solutions had been filtered to remove all particles > 20 

nm in size and this technique cannot detect particles smaller than 20 nm.  Histograms of the 

nanoparticles measured in 0.5 M solutions of NH4Cl and NaNO2 prior to mixing and after 

filtering are presented in Figure 6-2. 



141 

 

Figure 6-2. Size and concentration distribution (plotted using a bin width of 1 nm) obtained  

using Nanoparticle Tracking Analysis for each of the filtered reactant solutions (before 

mixing). The total concentration for each filtered reactant solution is reported in the legend. 

For data DOI:10.25911/5c807abac18c6 

When the solutions were mixed, nanoparticles were readily detected at a concentration typically 

2 orders of magnitude greater than in the reactant solutions as seen in Figure 6-3. It was evident 

that the concentration of nanoparticles had increased greatly due to the chemical reaction and 

the concentration of nanoparticles increased with increasing reactant concentration. The 

concentration of the particles produced and measured after 10 minutes was 73.8 ± 0.9 × 107 

particles ml-1 at 1 M, and 48.8 ± 4 × 107 particles ml-1 at 0.5 M. When the concentration of the 

reactants was decreased to 0.1 M, a much lower concentration of nanoparticles was produced 

(i.e. 11.3 ± 0.9 × 107 particles ml-1) and the particles were significantly smaller.   
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Figure 6-3. Histogram showing the particle size distribution (panel A) and concentration of 

nanoparticles measured as a function of the initial concentration of the reactants (panel B) 

measured using Nanoparticle Tracking Analysis for solutions containing NH4Cl and NaNO2 

at equal concentrations of 0.1 M, 0.5 M and 1 M respectively. Measurements here were 

commenced 10 minutes after mixing the reactants. The displayed error bars correspond to 

the standard error for five measurements. For data DOI: 10.25911/5c7c982795eb4 

The influence of pH on the formation and stability of nanoparticles was also investigated, as 

pH is known to strongly alter the reaction kinetics. The nanoparticle size was examined using 

dynamic light scattering and tracked as a function of time. As shown in Figure 6-4A, the size 

of the particles at pH = 5.9 increased with time, whereas when the reaction pH was adjusted 

after mixing to a higher value (i.e. pH = 8.7), the size of nanoparticles remained constant with 

time. This correlates with the reaction kinetics. At the higher pH the reaction rate is greatly 

decreased and the particle size no longer increases over time.  Size measurements on the 

nanoparticles using NTA showed that the size distribution shifted toward larger particles over 

time when the pH was not adjusted (see Figure 6-4C), consistent with the DLS measurements. 

The size distribution data shows that the concentration of these nanoparticles decreased during 

the first 20 minutes from 55.5 ± 4.0 × 107 particles/ml to 33.0 ± 1.0 × 107 particles/ml and then 

continued to decrease to a concentration of  12.8 ± 0.6 × 107 particles/ml after 60 minutes (see 

Figure 6-4B). On the contrary, the size distribution of the nanoparticles obtained at higher pH 
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was stable over time (see Figure 6-4D), and the concentration varied only slightly in the range 

of 20-30 × 107 particles/ml (see Figure 6-4B). 

Several attempts were made to measure nanoparticles produced at pH = 4 directly after mixing, 

however reliable measurements could not be obtained. This we attribute to the presence of large 

bubbles in the sample, noting that such bubbles were visible to the naked eye. This is 

commensurate with the much higher reaction rate expected at the lower pH, due to catalysis by 

the hydronium ion. 

 

Figure 6-4. The effect of pH on nanoparticle size and concentration produced by the reaction 

of sodium nitrite and ammonium chloride at equal concentrations of 0.5 M. Panel A: Mean 

size of nanoparticles measured using dynamic light scattering over 60 minutes for pH 5.9 

and 8.7 (The error bars correspond to the maximum and minimum values of three 

measurements). Panel B: Concentration of the nanoparticles measured using Nanoparticle 
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Tracking Analysis over a period of 60 minutes at pH 5.9 and 8.7 (The error bars correspond 

to the standard error for five measurements). Panel C-D: Histograms showing the particle 

distribution (plotted using a bin width of 1 nm) measured using the NanoSight over 60 

minutes at pH 5.9 and pH 8.7 respectively. For data DOI:10.25911/5c7c989e1e54e 

This demonstrates that the nanoparticles generated are pH and concentration dependent in a 

manner that is consistent with the kinetics of nitrogen gas evolution produced in the reaction 

(see Figure 6-1). This agreement indicates a strong relationship between gas supersaturation 

and nanoparticle production, however this correlation is not sufficient to conclude that the 

nanoparticles are gas filled nanobubbles. In order to determine the nature of these nanoparticles 

the nanoparticles that formed as a result of the chemical reaction were further characterized. In 

particular, the effect of external pressure on the particle size and resonant mass measurement 

was used to determine the density of the nanoparticles. 

6.3.2 Nanoparticles under pressure 

Due to the difference in compressibility between nanobubbles and other nanoparticles, the 

application of external pressure on candidate nanoparticles can be used to determine if the 

observed objects are nanobubbles (for further details, see chapter 2). 

In this work, particles arising from a gas producing chemical reaction were measured at 1 atm 

of external pressure, then at 5 atm of external pressure and again at 1 atm pressure. As shown 

in Figure 6-5A, there is no evidence that the change in external pressure led to a change in 

particle size in solutions at pH = 5.9, however the particle size increased over time as the 

chemical reaction proceeded, therefore it is not possible to definitively determine the effect of 

applied pressure on particle size from these measurements. This problem can be overcome by 

mixing the reactants and then increasing the pH. At the higher pH, there is a dramatic reduction 

in the reaction rate and the particle sizes do not change over time, as shown in Figure 6-5B. The 
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average diameter at 1 atm pressure was 328 nm. Using the ideal gas law and the Laplace 

pressure (see equations 3.1 and 3.2 in §3.4.1), the expected effect of external pressure on bubble 

size can be calculated.  Nanobubbles under the application of 5 atmospheres of pressure, with 

an interfacial tension of pure water (i.e. γ = 72.0 x 10-3 N m-1) and an initial size of 328 nm are 

expected to reduce in size to 283 nm. For this calculation, the interfacial tension for a pure air-

water interface was used.  This is the maximum surface tension that a nanobubble would be 

expected to have, and therefore the calculation reflects the minimum expected reduction in size 

for a nanobubble under the application of external pressure. In the calculation, a lower surface 

tension implies a lower Laplace pressure. This leads to a greater expected reduction in size, as 

the applied pressure is proportionally more significant. In contrast, the experimental data 

showed a negligible effect of pressure changes on size. This result indicates that these 

nanoparticles are incompressible which is incommensurate with them being gas filled 

nanobubbles.  

 

Figure 6-5. Particle size as a function of time determined using dynamic light scattering 

under an applied external pressure of 1 atm (red squares), and 5 atm (blue triangles) at pH 

5.9 (Panel A) and pH 8.7 (Panel B).  The pH of the solution was adjusted after mixing the 

reactants. Each data point is an average of three measurements, and the displayed error bars 
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correspond to the maximum and minimum values obtained. For data DOI: 

10.25911/5c7c99149feae 

6.3.3 Resonant Mass Measurement 

Another direct technique can be applied to nanobubble candidates to evaluate the nanoparticle 

density. The Archimedes instrument employs a resonating cantilever with an internal 

microfluidic channel to determine the buoyant mass of particles in solution as they pass through 

the channel. The flow of nanoparticles through the sensor alters the resonant frequency of the 

cantilever. The resonant frequency decreases if the density of the nanoparticle is higher than 

the solvent and increases if the density of the nanoparticle is lower than the solvent. This is a 

convenient means of distinguishing heavy particles (i.e. negatively buoyant particles) from light 

particles (i.e. positively buoyant particles).  

The nanoparticles resulting from the chemical reaction were measured using the resonant mass 

measurement (RMM). The RMM showed nanoparticles of concentration 16.3 × 107 particles 

ml-1 (see Figure 6-6). However, the measurement revealed only negatively buoyant particles. 

This indicates that the generated particles were not gaseous because the density of all the 

nanoparticles detected was greater than that of water.  



147 

 

Figure 6-6. Typical buoyant mass distribution measured using resonant mass measurement 

for nanoparticles generated using the reaction of NH4Cl and NaNO2 at a concentration of 

0.5 M . The concentration of particles was measured as 16.3 × 107 particles ml-1. Due to the 

limited sensitivity of the Archimedes, particles with a buoyant mass of < |0.4| fg could not 

be detected (shaded gray region). No positively buoyant particles were detected, 

demonstrating that the particles have a density greater than that of the solution, which is 

incommensurate with the nanoparticles being nanobubbles. For data 

DOI:10.25911/5c7c998b40360 

The results from the size determination under the application of external pressure and the 

resonant mass measurement are in agreement and demonstrate that the particles are not gas 

filled nanobubbles, but either solid nanoparticles or nanodroplets.  

These particles result from the chemical reaction but are not nanobubbles. This begs the 

question as to what these nanoparticles are and how they are formed? Chapter 4 and Chapter 5 

proposed a mechanism of generating nanoparticles from the supersaturation of dissolved gases. 

In this model, the generation of nanoparticles was directly related to the nucleation of bubbles 

due to supersaturation. Several steps are required. Short lived bubbles form as a result of 

supersaturation of dissolved gas in the solution. Contaminants present in solution diffuse to the 
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interface of these bubbles where they become attached. As each bubble dissolves the 

contaminants are concentrated at the interface, resulting in the formation of nanoparticles of the 

contaminant material when the bubble completely dissolves. Here the source of this 

contamination may be the salt solutions or it may arise from the purified laboratory water. Even 

in very high purity water there is sufficient contaminant material to adsorb to the interface of 

bubbles to change the hydrodynamic boundary condition from slip to no-slip118,119.  

Is the formation of these nanoparticles associated with supersaturation? For nitrogen in pure 

water, the solubility is 0.65 mM at atmospheric pressure and T = 298 K; however, the solubility 

of nitrogen in most electrolytes is generally lower because of the salting out effect201 associated 

with electrostriction. Due to the lack of available data on the solubility of nitrogen in aqueous 

ammonium chloride and sodium nitrite solutions, the solubility of nitrogen in aqueous sodium 

chloride at the same ionic strength was used as an approximation for the solubility of nitrogen, 

(SN2) in the nanoparticle solutions (SN2 = 0.63 mM @ [CNaCl= 0.1 M] , SN2 = 0.56 mM @ [CNaCl= 

0.5 M], SN2 = 0.48 mM @ [CNaCl= 1.0 M])201. The calculated saturation level produced over a 

period of an hour is presented as a function of initial concentration in Figure 6-7A, and as a 

function of pH in Figure 6-7B. The relationship between the formation of nanoparticles and the 

supersaturation becomes evident when looking at Figure 6-3 and Figure 6-7A. That is, the 

number of generated nanoparticles increased when the concentration of the reactants was higher 

(i.e. when the level of supersaturation was higher). The highest number of nanoparticles was 

achieved for reactants at an initial concentration of 1 M, where the corresponding saturation 

level at the time of the measurement was 2.78 (where a saturation of 1 is achieved when the 

dissolved nitrogen gas is at the equilibrium concentration). Furthermore, the nanoparticle 

concentration decreased by a factor of 1.5 when the supersaturation level decreased to 1.23 (ie 

1.23 times the calculated saturation level at the initial concentration of 0.5 M at the time of the 

measurement). It is worth noting that some nanoparticles were observed at the initial 
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concentration of 0.1 M where the saturation level was calculated to be barely above 1. However, 

the error in the rate equation is significant and the level of saturation may be considerably 

greater within the 95% confidence interval. Thus, it is concluded that nanoparticle formation is 

directly related to the supersaturation of dissolved nitrogen resulting from the chemical 

reaction.  

 

Figure 6-7. Calculated saturation of nitrogen produced over 60 minutes at T= 298 K for the 

chemical reaction between NH4Cl and NaNO2 at initial concentrations of 0.1 M, 0.5 M and 

1 M (pH = 6) (Panel A), and at pH 4, pH 6 and pH 8 when the initial concentration of the 

reactants is 0.5 M (Panel B). The saturation level of N2 was calculated using equation 6.1 

and the solubility of nitrogen gas in solution was taken to be equivalent to that in aqueous 

sodium chloride at the same ionic strength (SN2 = 0.63 mM @ [ CNaCl= 0.1 M] , SN2 = 0.56 

mM @ [CNaCl= 0.5 M], SN2 = 0.48 mM @ [CNaCl= 1.0 M])201. For data DOI: 

10.25911/5c7c9a02b097a 
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6.4 Summary 

This work has tested the hypothesis that supersaturation obtained by a chemical reaction 

between aqueous solutions of ammonium chloride and sodium nitrite produces long-lived 

nanosized bubbles in bulk. The formation of nanoparticles was consistent with the kinetics of 

nitrogen gas evolution produced in the reaction, where the nanoparticle size was shown to be 

dependent on the pH and concentration of the reactants. However, the chemical reaction was 

found to generate incompressible nanoparticles with a density larger than that of the solvent, 

confirming that these particles were not gas-filled bubbles.  

  



151 

Chapter 7 Conclusions and Future Work 

7.1 Conclusions 

The field of bulk nanobubbles has been challenged by a lack of direct methods that can 

differentiate nanobubbles from other nanoparticles in aqueous solutions, particularly as their 

long-term stability would seem to violate either the Laplace pressure or Henry’s Law. This has 

caused ambiguity in the field and led to reports of long-lived bulk nanobubbles being treated 

with scepticism. To address this, this thesis has established a systematic study to examine 

reports of the existence of long-lived bulk nanobubbles in aqueous solutions. This required the 

development of a reliable protocol for testing candidate nanoparticle dispersions. The main 

experimental results and their implications are summarized below.  

Two robust methods for differentiating long-lived nanobubbles from other nanoparticles were 

developed and applied in this thesis. The density of nanoparticles was determined using 

resonant mass measurement, and the size of nanoparticles was measured under the influence of 

external pressure to evaluate the compressibility of the nanoparticles. As the density and 

compressibility of gasses are very different from those of liquids and solids, these methods can 

be used to differentiate between nanobubbles and other nanoparticles.  

These two methods were applied to nanobubbles armoured with a shell of surface active 

molecules (i.e. armoured nanobubbles) that have been used commercially in ultrasound 

imaging. The resonant mass measurement revealed a significant population of lipid-coated gas 

nanobubbles. These nanobubbles were shown to be gas entities by their response to the 

application of pressure. The hypothesis that the pressure response of nanobubbles can be used 

to differentiate them from other nanoparticles has been confirmed, even when the nanobubbles 
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were armoured with a shell of insoluble lipid. The pressure at which the gas within the 

nanobubbles condensed was shifted higher due to the mechanical resistance of the lipid shell 

which shields the bubble contents of up to ~ 0.8 atm of pressure. The presence of lipids of low 

solubility at the nanobubble-solution interface effectively results in a negative Laplace pressure 

which stabilizes the nanobubbles against dissolution.  

The protocols developed here that measure the density and the pressure response of 

nanoparticles was also applied to investigate the existence of unarmoured bulk nanobubbles in 

systems that have been reported to contain long-lived bulk nanobubbles. These systems are: 

• Nanoparticles produced by mechanical means that involve pressure cycling 

• The mixing of ethanol and water 

• Nitrogen supersaturation by chemical reaction  

The determined density of the nanoparticles in these systems was inconsistent with them being 

gas-filled. Further, external pressure had no effect on the size of these nanoparticles. These 

experimental results have confirmed that these nanoparticles are not bulk nanobubbles despite 

references to nanoparticles produced by similar means in the literature being reported as bulk 

nanobubbles. 

It has been demonstrated that that the supersaturation of dissolved gasses in these systems 

results in the formation of nanoparticles on the order of ~ 100 nm in diameter. These 

nanoparticles were shown to be stable for hours for those produced by chemical reaction and 

days for those produced by mechanical means and ethanol water mixing. A mechanism is 

proposed to explain the puzzling formation of these nanoparticles during the generation process 

that lead to gas supersaturation. In this mechanism, bubbles form during generation and attract 

contaminants to their interface. Complete dissolution of these bubbles leads to the formation of 

nanoparticles originating from the material that has accumulated at the interface. This model 

was supported by the results of experiments using degassed solutions. A significant reduction 
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in the number of nanoparticles was observed upon mixing degassed ethanol and degassed water. 

In addition, the number of nanoparticles was restored when mixing solvents that had been 

allowed to re-gas, indicating that the supersaturation is essential for forming these 

nanoparticles.  

Finally, the results presented in this thesis showed that the long-term stability of nanobubbles 

was only observed when they were armoured with an insoluble material. Whilst the lack of 

evidence for nanobubbles in the systems studied here cannot be extrapolated to all systems, it 

does cast doubt on claims of long-lived unarmoured bulk nanobubbles, as there is no known 

mechanism for their stability and this work has explained how the formation of short lived 

bubbles can lead to the production of nanoparticles. The correlation between the generation 

process and the formation of nanoparticles is often cited as evidence of the formation of 

nanobubbles. This work demonstrated that this correlation is insufficient to conclude that the 

particles formed are nanobubbles. It is expected that adoption of the approach proposed in this 

thesis will progress the field by enabling claims of long-lived stable gas nanobubbles to be 

easily evaluated, eliminating the need to rely on indirect and circumstantial evidence. This will 

reduce the incidence of confusing and misleading reports. This will enable researchers to focus 

on systems in which the existence of nanobubbles has been proven and thereby facilitate a 

deeper understanding of bulk nanobubbles. 

 

In summary, the following hypotheses were tested in this work, leading to the following 

conclusions 

• The pressure response of nanobubbles can be used to differentiate them from other 

nanoparticles, even when the nanobubbles are armoured with a shell of insoluble lipid. 

Confirmed 
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• The density of nanoparticles can be determined using the resonant mass measurement 

method. 

Confirmed 

• Long-lived bulk nanobubbles can be generated by mechanical means.  

Refuted on the samples studied 

• The mixing of ethanol and water produces stable long-lived bulk nanobubbles. 

Refuted 

• Supersaturation obtained by a chemical reaction produces long-lived nanosized bubbles 

in bulk.  

Refuted 

7.2 Future work  

This study focused on three particular methods that have been reported to produce nanobubbles. 

Other claims of long-lived bulk nanobubbles could be tested using the protocols developed in 

this thesis, for example it has been reported that  increasing the temperature of aqueous solutions 

leads to the formation of bulk nanobubbles45, a claim which was investigated during the present 

study. Around room temperature, increasing solution temperature leads to a reduction in the 

solubility of dissolved gasses. In these experiments, a closed cuvette of high purity water that 

had been kept at 6–10˚C in a glass flask for 24 hours was measured using dynamic light 

scattering both before and after a temperature change to 45˚C. However, reliable measurements 

could not be obtained because of the formation of larger bubbles. In the future, this experiment 

could be redesigned to remove or reduce the interference from larger bubbles. If nanoparticles 
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were evident, the protocol established in this study could then be used to investigate and 

determine if they were actually nanobubbles.  

It has been shown in this thesis that the dissolution of short-lived bubbles produced by 

supersaturation is a mechanism for the formation of nanoparticles. This mechanism could also 

lead to the production of nanoparticles in natural processes wherever bubbles are formed, such 

as the breaking of ocean waves and at the base of waterfalls. Under these circumstances 

nanoparticles may be produced when bubbles accumulate surface-active material in solution 

and dissolve. Using carefully filtered natural waters, tracking analysis could be employed to 

investigate the concentration of nanoparticles before and after shaking or pouring of the 

samples. If nanoparticles are generated in this process it will indicate that huge numbers of 

nanoparticles may be produced in this manner.  

It is possible that many of the properties ascribed to nanobubbles are in fact due to nanoparticles 

formed during processes designed to produce nanobubble, indicating that nanoparticles formed 

from the collapse of bubbles may have useful applications. Such nanoparticles are therefore 

likely to be common and widespread. Moreover, the process of concentrating material into a 

nanoparticle increases its chemical potential and, therefore, its chemical activity and biological 

availability. As such, these nanoparticles may be the active component responsible for benefits 

previously ascribed to nanobubbles, including plant growth and seed germination 30–37 and 

water remediation 12–17.  

The results presented in this thesis shed light on a convenient method for producing 

nanoparticles by highlighting the potential use of supersaturation of dissolved gas for this 

purpose (see §4.3.4, §5.3, and §6.3). This approach has recently been utilized by Diao et al.202 

who report a method for generating hollow nanoparticles from material added to solution via 

supersaturation of dissolved gas202. In this study, supersaturation was achieved by mixing 

ethanol and water. Added particles of molybdenum carbide self-assembled at the interface of 
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the shrinking bubbles, form hollow spheres. The hollow region beneath the shell was confirmed 

using a field emission scanning electron microscope. The production of these hollow 

nanospheres correlated with the supersaturation of the dissolved gas. This conclusion was 

supported by the finding that hollow nanoparticles could not be generated when the saturation 

level was significantly decreased, demonstrating the need for bubble formation and the 

accumulation of material at the bubble interface. This indicates that the type of contaminant, its 

corresponding concentration and supersaturation of the dissolved gas are essential elements for 

the formation and constitution of nanoparticles. This process should be studied further by 

utilizing the supersaturation methods presented in this thesis to understand more precisely how 

such nanoparticles are formed and to what extent they can be controlled, with the potential for 

low-cost nanoparticle generation. This simple inexpensive method will likely attract researchers 

from different fields for nanoparticle formation to avoid the complex methods of producing 

nanoparticles that have been employed in laboratory and industry. 

Further, the present study in this thesis could be expanded further with the potential aim of 

developing, stabilizing, destroying, and controlling the size of nanobubbles armoured with 

materials of interest ranging from solid coatings to lipid/polymer coatings via supersaturation 

of dissolved gas. Lipid/Polymer coated nanobubbles have a potential application in ultrasound 

imaging3–8 and therapeutic drug delivery 6,9–11, while those with solid coatings have potential 

interest as hollow nanospheres, with shells of silica, metals, metal oxides or other complex 

solids, in a variety of applications such as catalysis121,203,204, energy storage205–210, sensors211 

and environmental remediation212,213 because of their low density, large surface area, and high 

loading capacity214. 

This work has shown that that stable long-lived nanobubbles are only likely to exist when they 

have an armour of insoluble material. Whilst this rules out many potential applications of 
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nanobubbles, the demonstration that shrinking bubbles template nanoparticles opens up a whole 

new area for investigation. 
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Appendix  

A.1 Derivation of the Laplace Law for a spherical bubble 

 

Figure A.1. Schematic of an air bubble submerged in water. The bubble radius is r, the 

pressure outside the bubble is Po and the pressure inside the bubble is Pi. A change in bubble 

radius dr will lead to a change in both volume and surface area. 

Consider a stable air bubble formed in water with radius r (see Figure A.1). At equilibrium, a 

infinitesimal change in radius (dr) leads to no change in the free energy (dG). 

Now let us assume a small decrease in radius dr. The surface energy of the system will be 

decreased by the reduction in surface area of the bubble. At equilibrium this is balanced by 

increasing the pressure inside the bubble. Therefore, the bubble will obtain an equilibrium when 

the free energy gained due to a reduced surface area δWS is balanced by the work done against 

pressure difference, δWP. The change in free energy of the system at equilibrium is then 
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described by the sum of the decrease in work corresponding to the interfacial area, δWS, and the 

work done against the pressure difference215 δWP. The formula is given in Equation A.2: 

 𝑑𝑑𝐺𝐺 = −𝛿𝛿𝑊𝑊𝑆𝑆 +  𝛿𝛿𝑊𝑊𝑃𝑃 (A.1) 

The part of the work corresponding to the interfacial area δWS is 

 𝛿𝛿𝑊𝑊𝑆𝑆 =  𝛾𝛾𝑑𝑑𝐴𝐴 (A.2) 

A here is the surface area of a sphere (4πr2), and the change in the surface area for a bubble 

shrinking by an infinitesimal dr is described by  

 𝑑𝑑𝐴𝐴 =  8𝜋𝜋𝑟𝑟𝑑𝑑𝑟𝑟 (A.3) 

Substituting the values for dA in equation A.2 leads to: 

 𝛿𝛿𝑊𝑊𝑆𝑆 =  8𝜋𝜋𝑟𝑟𝑑𝑑𝑟𝑟𝛾𝛾 (A.4) 

To obtain δWP, a basic thermodynamic definition of pressure - volume (PV) work is 

 𝛿𝛿𝑊𝑊𝑃𝑃 =  𝑃𝑃𝑑𝑑𝑃𝑃 (A.5) 

Here the component of the work inside and outside the bubble respectively are 

 𝛿𝛿𝑊𝑊𝑃𝑃𝑖𝑖 =  𝑃𝑃𝑖𝑖𝑑𝑑𝑃𝑃𝑖𝑖 (A.6) 

And  

 𝛿𝛿𝑊𝑊𝑃𝑃𝑠𝑠 =  𝑃𝑃𝑠𝑠𝑑𝑑𝑃𝑃𝑠𝑠 (A.7) 

The change of internal volume dVi is equal to the change of external volume dVo  but opposite 

in sign 

 𝑑𝑑𝑃𝑃𝑖𝑖 = −𝑑𝑑𝑃𝑃𝑠𝑠 = 𝑑𝑑𝑃𝑃 (A.8) 

Thus  

 𝛿𝛿𝑊𝑊𝑃𝑃 = 𝑃𝑃𝑖𝑖𝑑𝑑𝑃𝑃𝑖𝑖 +  𝑃𝑃𝑠𝑠𝑑𝑑𝑃𝑃𝑠𝑠 =  ∆𝑃𝑃𝑑𝑑𝑃𝑃 (A.9) 

From the geometry for a sphere  
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 𝑑𝑑𝑃𝑃
𝑑𝑑𝑟𝑟

= 4𝜋𝜋𝑟𝑟2 (A.10) 

Rearranging  

 𝑑𝑑𝑃𝑃 = 4𝜋𝜋𝑟𝑟2𝑑𝑑𝑟𝑟  (A11) 

The combination of equation A.9 and A.11 leads to 

 𝛿𝛿𝑊𝑊𝑃𝑃 =  ∆𝑃𝑃4𝜋𝜋𝑟𝑟2𝑑𝑑𝑟𝑟 (A.12) 

Substituting the equations (A.4) and (A.12) into equation A.1, leads to:  

 𝑑𝑑𝐺𝐺 = −8𝜋𝜋𝑟𝑟𝑑𝑑𝑟𝑟𝛾𝛾 +  ∆𝑃𝑃4𝜋𝜋𝑟𝑟2𝑑𝑑𝑟𝑟 (A.13) 

At equilibrium, 

 𝑑𝑑𝐺𝐺
𝑑𝑑𝑟𝑟

= 0 (A.14) 

Thus 

 (∆𝑃𝑃)4π𝑟𝑟2 = 8π𝛾𝛾𝑟𝑟  (A.15) 

 

  ∆𝑃𝑃 =
2𝛾𝛾
𝑟𝑟

 (A.16) 

Equation A.16 is the Laplace equation for a single spherical interface. The derivation described 

above is a simple derivation of Laplace law for a sphere215,216, as this study only consider 

spherical bubbles. Laplace laws for other curved surfaces are reported by De Gennes et al. 40 
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A.2 Armoured nanobubbles under pressure  

 

Figure A.2. Measurements demonstrating the effect of pressure cycling between an external 

pressure of 1.0 atm and 5.0 ± 0.1 atm on the diameter of lipid coated nanobubbles using 

dynamic light scattering in the presence of other nanoparticles. The red points and the blue 

points represent the average diameter measured at 1.0 atmosphere and 5.0 atmospheres of 

pressure respectively. Each point represents a single measurement as the change in size was 

relatively fast when depressurizing the sample. The error bars shown are for 1 standard 

deviation calculated from the average of the relative standard deviation of all the data shown 

in Figure 3-3. 
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A.3 Determination of the error in the Intercept and slope  

The standard error in the determination of the intercept and the slope from linear regression was 

used to calculate the 95% confidence interval217 when determining the density of nanoparticles 

by extrapolation/interpolation.  

 Error = b ± 𝑎𝑎α/2,n−2 S𝑒𝑒𝑏𝑏  (A.17) 

Where b is the estimate of the intercept, tα/2,n-2 is the t distribution with α= 0.05 for a 95% 

confidence interval, n-2 is the degrees of freedom, where n is the number of data points, and 

Seb is the standard error of the estimate.  
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